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As solitary animals, giant pandas (Ailuropoda melanoleuca) rely on chemical
communication in order to determine reproductive condition of conspecifics. Therefore,
we hypothesize certain biogenic volatile compounds affect mating behavior in giant
pandas. Giant pandas housed at Memphis Zoo, Zoo Atlanta, San Diego Zoo, Edinburgh
Zoo, and Toronto Zoo (n=5 males and n=5 females) were the subjects of this study.
Urine, anatomical site, and environmental samples were collected during the breeding
period (Feb-June) and non-breeding period (Aug-Dec) from 2012-2016. Volatile
compounds in urine and the environment were extracted using solid phase microextraction (SPME), while compounds collected from various body sites of giant pandas
were extracted with hexane. Compounds were analyzed and identified using gas
chromatography mass spectrometry (GC-MS). Male behavioral trials consisted of a
simultaneous choice test between days of the estrous cycle (e.g. proestrus, estrus, and
metestrus) and pooled diestrus urine of unknown female giant pandas. The experimental
period included eight 15-minute behavior trials over the course of 12 days. In addition,
male giant pandas were exposed to isolated compounds found naturally in female urine
during four 15-minute behavior trials over the course of 7 days. We predict that urine

from a specific day of the peri-estrual period motivates sexual behaviors and
physiological responses in males. Male physiological responses to female urine and
specific chemical compounds were examined by changes in urinary androgen metabolites
and the urinary volatile profile. By coupling male behavior responses and the female
urinary chemical profile during the peri-estrual period, relevant compounds may be
identified as possible pheromones related to estrus and mating behavior. To increase
genetic viability of small populations, giant pandas require continued conservation and
management aimed at facilitating communication and breeding across isolated
populations. With low population numbers of giant pandas in the wild spread across
fragmented habitats, a better knowledge of chemical communication in this species may
provide vital information to improve the conservation and management of giant pandas.
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CHAPTER I
LITERATURE REVIEW
Animal Communication
Communication systems in organisms consist of signals and cues which convey
information between a signaler and receiver (Hauser, 1996). Signals are typically a
response to changes in the environment and thus can be displayed with some variability
and ultimately alter the behavior of another organism. Cues tend to remain consistently
present and influence the future action of the receiver (Hauser, 1996; Davies et al., 2012).
These terms are often interchanged in the literature and both will be used in this review.
Several species utilize communication to identify conspecifics, determine territories,
investigate competitors, and recognize potential mates. Various forms of communication
are used to determine these attributes including visual, auditory, tactile, vibrational,
electrical, and chemical (Yasukawa, 2014). For example, the males of particular lizard
species contain a bright coloration on the skin underneath their chin, their dewlap which
attracts females (Jenssen, 1970) and facilitates species recognition (Losos, 1985).
Auditory or acoustic communication has been widely studied in amphibian species
(Wells and Schwartz, 2007). Vocalizations by frogs are used to signal sexual receptivity
(Wada et al., 1976) and territory (Walkowiak and Brzoska, 1982), which in turn elicit
differing behaviors such as a stimulating action and aggression, respectively (Walkowiak
and Brzoska, 1982). Tactile communication is most often recognized in humans and non1

human primates as a method for facilitating social bonding (Dunbar, 2010). Non-human
primates such as macaques practice grooming to communicate hierarchy and encourage a
well-bonded female group (Nakamichi and Shizawa, 2003), while in males grooming
appears to communicate reconciliation (Majolo et al., 2005). Communication through the
use of vibrations is utilized across both vertebrates and arthropods (Reviewed by Hill,
2001). Spiders will use vibrational communication on webs to stimulate sexual behaviors
in females during courtship (Maklakov et al., 2003). The blind subterranean mole rat
communicates with conspecifics by performing a head thumping behavior that emits a
low-frequency vibration detected independently of any auditory mechanism (Nevo et al.,
1991). Evidence suggests elephant vocalizations and movement contain vibrational
properties as they produce Rayleigh waves (ground surface waves) that may be used for
communication across vast distances (O’Connell et al., 1997). Weakly electric fish
contain an electrosensory system (Krahe and Maler, 2014) that produces electric organ
discharges that vary in frequency to serve as communication signals to conspecifics
(Moller, 1970). Increases in the frequency of these discharges in one fish has been shown
to elicit a decrease and even completely stopping electric discharges of other fish,
indicating communication between the two individuals (Moller and Bauer, 1973).
Olfactory communication is thought to play an important role in several species of
animals, ranging across insects, ungulates, reptiles, birds, and mammals. Individuals
excrete and dispense substances (urine, feces, and gland secretions) that contain chemical
cues. These chemosensory signals are typically composed of one or a suite of volatile or
semi-volatile molecules. Evaporative molecules are detected by a species-specific
olfactory system (Wyatt, 2003). Biogenic volatile compounds can act as pheromones by
2

facilitating the transfer of specific information about individuals to conspecifics and/or
stimulating communication between individuals (Karlsson and Luscher, 1959). Examples
of olfactory communication are evident across several species, including insects,
mammals, reptiles, and birds. Female Asian elephants can disclose changes in the
reproductive state of female conspecifics through chemical cues in urine (Slade et al.,
2003). The black rhinoceros seems to communicate age, sex and identity to conspecifics
through urine and dung and that these cues can be detected over time (Linklater et al.,
2013).
Chemical Communication
Chemical communication may be able to affect societal and reproductive
dynamics among many species by using chemosensory cues to convey information.
Successful information exchange between conspecifics hinges on the signals produced
and the provoked response of the receiver. Mammals dispense chemical cues through
various means to facilitate conspecific interpretation of information about individuals
(Karlsson and Luscher, 1959; Wyatt, 2003). Typically, chemosensory signals are volatile
or semi-volatile molecules. Volatile compounds, any molecules that can enter a vapor
phase, are detected by a species-specific olfactory system (Wyatt, 2003). Vaporous
compounds that initiate directed behaviors or developmental processes in an individual
are considered pheromones. These chemosensory cues may stimulate communication
between individuals (Karlsson and Luscher, 1959). Chemical constituents of pheromones
vary among mammals with defining characteristics of size and polarity. These two
factors will determine how specific pheromones are detected as they indicate strength of
volatility and ability to be water soluble (Brennan and Zufall, 2006). Once detected,
3

pheromones may elicit behavioral or physiological responses in the recipient; however,
there is much debate about behavioral responses being innate or learned (Brennan and
Zufall, 2006; Wyatt, 2010). Studies indicate that responsive behaviors appear to be
innate, but can also have a conditional component that is based off of an individual’s
formative years. If an individual is developing in an environment where the specific
signal is apparent, then the signal may be learned unbeknownst to the individual (Wyatt,
2010).
Plants
Pheromones can serve several purposes depending on the intention of the signal
provided and these signals can be signaled by several different species. Even plants have
the ability to chemically communicate in a similar manner to animal species. Plants
typically emit volatile cues as a defense mechanism against herbivory (Yoneya and
Takabayashi, 2014). The behavior of plants can be affected by the allelochemicals
produced by their neighboring plants or the mycorrhizal networks that connects them
(Gorzelak et al., 2015). The strength of these chemical defense cues can depend on kin
recognition (Karban et al., 2013), resulting in reduced herbivory of plants that are closely
related (Karban et al., 2014). Specifically in animal species, receiving olfactory cues can
elicit behaviors including recognition, aggregation, dispersion, aggression, and sexual
motivation (Shorey, 1976).
Insects
Insects use pheromones for a variety of purposes including sexual attraction,
queen and worker interactions, alarm and aggression defenses, brood recognition,
4

recruitment, and trail pheromones (Vander Meer et al., 1998). Social insects also employ
several exocrine glands to dispense volatile compounds into the environment (Billen and
Morgan, 1998). The ectal mandibular gland, venom gland, van der vecht’s gland, and
Richards gland are thought to dispense chemical cues in wasps, while the mandibular
gland, venom gland, tergal glands, nasanov’s gland, and the pretarsal glands are sources
of pheromone secretions in bees (Billen and Morgan, 1998). Hydrocarbons are prevalent
in insect secretions and have been shown to signal fertility and social dominance in wasps
and bees (Liebig, 2010). More specifically, the queen mandibular pheromone in honey
bees consists of (E)-9-oxodec-2-enoic acid (9-ODA), (E)-9-hydroxydec-2-enoic acid (9HDA), methyl (Z)-octadec-9-enoate (methyl oleate), (E)-3-(4-hydroxy-3methoxyphenyl)-prop-2-en-1-ol, hexadecan-1-ol, and (Z9,Z12,Z15)-octadeca-9,12,15trienoic acid (Keeling et al., 2003), making it a very complex pheromone blend compared
to other species that may use a single volatile compound rather than a suite. The red
clover casebearer moth (Coleophora deauratella) is an introduced moth species in
Canada that lays its larvae in the clover and upon hatching, feeds on the red clover seeds
(Landry, 1991). The red clover casebearer utilizes a sex pheromone comprised of (Z)-7dodecenyl acetate, (Z)-5-dodecenyl acetate, and (Z)-7-dodecen-1-ol to attract mates and
facilitate breeding (Evenden et al., 2010). Interestingly, (Z)-7-dodecenyl acetate is also
the female pre-ovulatory pheromone in the Asian elephant (Rasmussen, 2001). The
abundance of pheromones used by a wide array of species demonstrates their importance
in communication. (Z)-7-dodecenyl acetate demonstrates independent evolution of
volatile compounds and plays an important role in the reproductive system in both moths
and elephants; however, these species are not closely related (Wyatt, 2003). Crop
5

management has been investigating methods of pest control through disruption of this
reproductive pheromone system (Mori and Evenden, 2014). Recently, the spread of this
invasive species has been detected and predicted through the use of pheromone-baited
traps (Mori et al., 2014).
Reptiles
Reptiles utilize chemical communication for prey and predator detection,
conspecific identification, mate preference, alarm signaling, and definition of territory
(Reviewed by Mason and Parker, 2010). Lizards detect chemical cues in the environment
by flicking their tongue resulting in the transfer of cues to the vomeronasal organ in the
roof of the mouth or nasal passages (Cooper, 1994). The Iberian wall lizard (Podarcis
hispanica) occupies areas of France and Spain with females producing 2-3 clutches per
year and larger females having a greater number of clutches laid per year (Galán, 2003).
Recently, the literature has been inundated with studies regarding chemosensory signals
in a wall lizard, Podarcis hispanica. Males of P. hispanica utilize chemical
communication in order to assess rival competitive ability and territory resource quality
(Carazo et al, 2006) relating to changes in the nervous system and, interestingly, males
also tend to generate a greater number of new cells in the accessory olfactory bulbs in
addition to having larger main and accessory olfactory bulbs than females relative to
body size (Sampedro et al., 2008). The volatile compounds in the scent marks of P.
hispanica are thought to signal male competitive ability (Carazo et al., 2007) and identify
potential threats of conspecifics (Carazo et al., 2008). Chemosensory cues in P. hispanica
signal the presence of sexual competition and the reproductive condition of potential

6

mates (Cooper and Pèrez‐Mellado, 2002) and aid in the identification of potential
predators (Van Damme and Castilla, 1996).
Birds
Only recently have birds been thought to use chemical cues to communicate
information to conspecifics. Birds excrete substances from their uropygidial gland
located at the base of the tail feathers (Salibian and Montalti, 2009). The function of the
uropygial gland (preen gland) in birds is thought to be related to waterproofing the
feather coat, thermal insulation, and pheromone production (Reviewed in Salibian and
Montalti, 2009). Carboxylic acids and linear alcohols have been identified in the
uropygial gland of the gray catbird (Shaw et al., 2011) and the dark-eyed junco
(Whittaker et al., 2010); in both cases, volatile compounds appear to be related to
reproduction. The Antarctic prion (Pachyptila desolata) is a wide-ranging sea bird that
returns to land only during the breeding season to mate with a monogamous partner
(Tickell, 1962). The Antarctic prion locates their burrow in the ground during the night
hours (Tickell, 1962), and it is thought that chemical cues play a role in this navigation
(Bonadonna and Bretagnolle, 2002). There is evidence supporting the presence of
olfactory communication in these birds as the nervous system demonstrates nocturnal
birds tend to have larger olfactory bulbs than diurnal birds (Healy and Guilford, 1990),
indicating a dependency on olfactory cues. Recently, scientists have begun to explore the
possibilities of volatile compounds related to the reproductive system in these birds. The
Antarctic prion relies on chemical cues to identify its own personal nest rather than
another individual’s nest (Bonadonna et al., 2003), determine compatibility and quality of
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potential mates (Bonadonna et al., 2007), and distinguish species, gender, and individual
identity (Mardon et al., 2010; Bonadonna et al., 2009).
Domestic Mammalian Species
The role that pheromones play in reproduction across domestic and agricultural
mammalian species is widely understood (Rekwot et al., 2000). Swine utilize signaling
and priming pheromones in conjunction with reproductive processes and behavior to
increase reproductive success (Wyatt, 2003). Proceptive behavior of sows in estrus is
influenced by visual and olfactory cues; merely the presence of boars can in groups of
gilts will encourage puberty to occur at a younger age (Brooks and Cole, 1970).
Furthermore, boars that released androstene pheromones in salivia over androstene
deficient boars were preferred by sows (Pearce and Hughes, 1987). 5α-androst-16-ene-3one was solely detected in boar fat and appears to be the culprit for the offensive odor, or
taint of boar fat when cooked (Patterson, 1968a). The discovery of 5α-androst-16-ene-3one was closely followed by the isolation of 3α‐hydroxy‐5α‐androst‐16‐ene, a compound
only present in the salivary glands of boars (Patterson, 1968b). Further investigation of
C19 steroids in the testes and saliva of boars resulted in the detection of 5α-androst-16en-3α-ol at high levels in the submaxillary glands of boars (Booth, 1975). The androstene
steroids found in the saliva of boars appears to be necessary to elicit a sexual response
from gilts in estrus (Perry et al., 1980) and may be useful for the detection of estrus
(Melrose et al., 1971). However, there is some controversy about the role of pheromones
in prepubertal boars as Booth and Baldwin (1980) described no effect on sexual behavior
or testicular function after olfactory bulbs were removed. Social interaction and
aggressive behavior also appear to be influenced by chemical cues in swine. Pigs tend to
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group together to form dominance hierarchies (Meese and Ewbank, 1973) through the
use of visual and olfactory cues (Ewbank et al., 1974). Submissive behavior may also be
mediated by olfactory cues released at the end of a fight (McGlone, 1985). Pigs utilize
olfactory cues for social recognition in order to maintain a stable social group structure
and reduce unnecessary aggressive behavior (Kristensen et al., 2001). Lastly, olfactory
communication between mother and piglet appears to play an important role in in the
development of piglets. Within the first twelve hours of life, piglets have learned their
mother’s odor and have the ability to discriminate between mother and non-mother odors
(Morrow-Tesch and McGlone, 1990). A synthetic maternal pheromone has been shown
to increase feeding behavior and weight gain in weaned pigs (McGlone and Anderson,
2002). When the olfactory bulbs of young female pigs were removed, typical aggressive
behaviors towards strange piglets was not evident (Meese and Baldwin, 1975), indicating
that olfactory cues may stimulate aggressive behavior.
Mammalian Chemical Communication
Mammalian Olfaction
Mammalian social and reproductive behavior is thought to be influenced by
olfactory communication (Brown and MacDonald, 1985). Due to the complex nature of
mammalian social structures, it is expected that individuals distinguish important traits
about conspecifics such as identity, territory, kinship, and reproductive status through
chemical communication (Wyatt, 2003). Preliminary definitions of the term “pheromone”
suggested that substances excreted by animals, such as urine, feces, and gland secretions
contain chemical cues that stimulate communication between individuals by either acting
as a releaser pheromone to stimulate a definitive behavior or a primer pheromone to
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initiate a developmental process (Karlsson and Luscher, 1959). However, often the term
“pheromone” and “chemical cue” are thought to be interchangeable. Chemical cues
typically describe volatile compounds used for conspecific detection, kinship, and
territory and may not elicit a particular behavior (Wyatt, 2003). Mammals typically detect
and distinguish pheromones and chemical cues in excreted substances with differing
olfactory communication systems. The vomeronasal organ (VNO) and the main olfactory
epithelium (MOE) of animals contain chemosensory neurons that are thought to be the
devices necessary to detect pheromones released into the environment (Figure 1.1; Dulac,
2003; Dulac and Wagner, 2006).

Figure 1.1

(A) Main olfactory epithelium and (B) vomeronasal organ in mammals

(A) The rodent main olfactory epithelium (MOE) contains sensory neurons used to detect
odorants. Information travels from the MOE to the main olfactory bulb (MOB), where it
is then transferred to brain nuclei (olfactory nucleus (AON), the piriform cortex (PC), the
olfactory tubercle (OT), the entorhinal cortex (EC) and the lateral part of the cortical
amygdala (LA)). (B) Pheromones are typically detected by the vomeronasal organ (VNO)
located in the roof of the mouth. Information is then transferred to the accessory olfactory
bulb (AOB) followed by the vomeronasal amygdala (VA) and then finally to nuclei in the
hypothalamus (H). The physiological responses elicited by pheromone detection are
directly related to the hypothalamus. Figure modified from Dulac, 2003.
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The vomeronasal organ is a paired structure that is divided by the nasal septum located at
the foundation of the nasal chamber that contains receptor neurons and gland fluid. When
air passes through the nasal cavity as mammals are breathing normally, sensory neurons
in the vomeronasal organ are not activated because they are independent of the nasal
cavity (Figure 1.1; Dulac, 2003). In order for the vomeronasal organ to activate and
pheromones to be detected, it is thought mammals must perform flehmen behavior by
curling their upper lip, exposing their vomeronasal organ and, in turn, forbidding airflow
through their external nares (Keverne, 1999). It is usually assumed that the MOE detects
odorants by expressing a given olfactory receptor that transfers information to the main
olfactory bulb and results in brain nuclei activity (Figure 1.2; Dulac, 2003) while the
VNO recognizes pheromones by expressing V1R and V2R receptors that project to the
accessory olfactory bulb via the Trp2 gene to ultimately transmit information to the
vomeronasal amygdala and then to the hypothalamus (Figure 1.3; Dulac, 2003). As air
passes through the nasal cavity, it is believed that the lining of olfactory epithelium
detects odorants and the sensory neurons in the VNO distinguish pheromone effects
(Buck, 2000).
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Figure 1.2

Schematic of main olfactory epithelium processing in rodent

From right bottom to left top (1-3). The main olfactory system contains an olfactory
receptor (OR) that projects to the main olfactory bulb (MOB) via the glomeruli (circled in
red; 1) resulting in activation of the MOB (2) and continued transfer of information to the
distinct brain nuclei (circled in blue; 3). Figure modified from Dulac, 2003.
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Figure 1.3

Schematic of vomeronasal organ processing in rodent

From top to bottom (1-4). The vomeronasal organ contains receptor neurons, V1R and
V2R which co-express appropriate G protein subunits, Gαi2 and Goα, respectively to
initiate the signaling cascade (1a). The V2R family of vomeronasal receptor interacts
with the major histocompatibility complex class molecule (M10) to create a receptor
complex (1b). V1R and V2R neurons require the expression of the Trp2 channel to
continue the signaling cascade (2). Neurons that express the V1R and V2R receptors
project to the accessory olfactory bulb (AOB; 3) and information is transferred to the
vomeronasal amygdala (VA) and then to the specific nuclei of the hypothalamus (H).
Figure modified from Dulac, 2003.
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Communication Methods
Olfactory communication is thought to play an important role in several species
across the animal kingdom. Individuals can facilitate communication between
heterospecifics and conspecifics by excreting biogenic volatile compounds into the
environment through urine, feces, and gland secretions. Pheromones are a subclass of
volatile compounds that transfer information unique to the individual to other
conspecifics resulting in a behavioral or developmental process response (Karlsson and
Luscher, 1959). Species employ a number of different methods in order to dispense and
detect volatile compounds in the environment. Mammals use a variety of glands
throughout the integumentary system to release chemical cues in to the environment
(Reviewed in Alberts, 1992). Mammalian secretory glands from which possible
pheromones can be expressed into the environment can be organized into four areas: (1)
facial, (2) reproductive, (3) pedal, and (4) external (Figure 1.4; Flood, 1985).

Figure 1.4

Simplified diagram of an imaginary mammal with possible pheromone
sources

Numbers indicate the organized areas of gland locations (1) facial, (2) reproductive, (3)
pedal, and (4) external and the black dots indicate sources and intensity of pheromones
excreted into the environment. Figure modified from Flood, 1985.
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Facial secretory glands such as nasal glands in capybaras (Macdonald et al., 1984),
salivary glands in pigs (Perry et al., 1980), subauricular glands in the pronghorn (Dietland
and Müller-Schwarze, 1972), occipital gland in camels (Ayorinde et al., 1982), temporal
glands in elephants (Rasmussen, 1988), and preorbital glands in muskox (Gray et al.,
1989) are utilized for communication. Reproductive areas such as the anogenital gland in
giant pandas (Hagey and Macdonald, 2003), anal sacs in the African civet (Jacob and
Schliemann, 1983), the perineal gland of male guinea pigs (Beauchamp, 1974), vaginal
secretions of female hamsters (Powers et al., 1979), the preputial gland in rats (Orsulak
and Gawienoqski, 1972), and the circumgenital gland of cotton-top tamarins (Belcher et
al., 1988) are often used to communicate sexual receptivity and mate attraction. Polar
bears (Owen et al., 2015), bonteboks (Burger et al., 1976), and deer (Brownlee et al.,
1969) utilize pedal glands to deposit volatile compounds into the environment. Lastly,
external glands throughout the body such as dorsal glands in deer (Burger et al., 1981)
and pronghorn (Dietland and Müller-Schwarze, 1972), caudal glands in red deer (Bakke
and Figenschou, 1983), sternal glands in male koalas (Tobey et al., 2009), and ventral
glands in gerbils (Jacob and Green, 1977) can be used to secrete pheromones into the
environment. The volatile compounds present in these gland secretions can facilitate
communication with conspecifics; for example, sternal gland secretions from male koalas
contain short and medium chain carboxylic acids that appear to increase during the
breeding season to possibly communicate with mates (Tobey et al., 2009).
Urine and feces also serve as avenues to secrete chemosensory molecules into the
environment for mammalian species. For example, the black rhinoceros depends on long
lasting olfactory cues to communicate age, sex, and identity through volatile compounds
15

present in feces and urine (Linklater et al., 2013). Furthermore, female Asian elephants
use urinary volatiles to distinguish estrus status of other females in their group (Slade et
al., 2003), synchronize estrous cycles (Rasmussen and Schulte, 1998), and signal their
reproductive condition by releasing increased amounts of (Z)-7-dodecenyl acetate (Z7–
12: Ac) in urine just prior to ovulation (Rasmussen, 2001). The use of urine in olfactory
communication to identify gender and determine reproductive status in conspecifics has
been documented in wolves (Raymer et al., 1984), badgers (Brereton and Harris, 2001),
free ranging dogs (Pal, 2003), ferrets (Zhang et al., 2005; Cloe et al., 2004), and
binturongs (Greene et al., 2016). Within the ursidae family, olfactory communication
related to reproduction is used to identify individuals and sex (Rosell, 2011; Clapham,
2012; Hagey and Macdonald, 2003), and detect female estrus status (Gonzales et al.,
2013; Swaisgood et al., 2000, 2002).
Mammalian Pheromones
Pheromones are evaporative compounds that initiate directed behaviors or a
physiological response in an individual. Chemical signals can be released from an
individual into the environment through dissimilar excretory substances from the body,
stimulating communication between individuals (Karlsson and Luscher, 1959). This
preliminary definition has led to further investigation and ultimately a broader definition:
pheromones must provoke behavior or hormonal responses and perhaps do not contain a
specific odor. This new concept allows for non-volatile, large molecular weight
compounds to be pheromone contenders (Dehnhard, 2011). Only recently have some
chemical compounds been defined as true mammalian pheromones.
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In order for pheromones to travel through the body and be excreted in aqueous
solutions, they must be bound to proteins. These proteins are often referred to as major
urinary proteins (MUP) and include the lipocalin protein family. Studies indicate that the
lipocalin protein family may play various roles in pheromone transportation in mouse
urine. The major protein component of mouse urine could not only provide the vehicle
for pheromones to enter the environment but also be pheromones themselves (Flower,
1996). Airborne signals may have a longer lasting effect when volatile compounds are
bound to lipocalin proteins. Interest in mouse urine by other mice varied with the
presence or absence of ligands. Therefore, mice may not be able to discriminate signals in
urine from a certain distance (Hurst et al., 1998). Mammalian pheromones can signal
copious amounts of information to conspecifics. Interpretation of these chemosensory
molecules can lead to changing behavior in the recipient. Chemical signals may elicit
physiological and behavioral reactions of offspring, kin, and potential mates.
Predator and defense
There is evidence of interspecies olfactory communication among mammals, such
as predator detection. In order to survive, a prey individual must be able to identify its
predator. A variation or combination of visual, auditory, or olfactory cues may be used in
order to detect a predator. While some species tend to rely heavily on visual cues such as
the guanaco with minimal reaction to mountain lion urine, their native predator (Sarno et
al., 2008), others use chemical cues for predator detection. When exposed to predator
urine, prey animals tend to respond with avoidance or fleeing behavior, as is the case in
beavers (Epple et al., 1993) and kangaroos (Parsons and Blumstein, 2010). Giant pandas
also display fear-based responses to predator urine, including fleeing and increased
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awareness (Du et al., 2012). These predator scents could be used as natural repellents
when trying to control the distribution of a prey population. Predator detection may be
influenced by olfactory cues, allowing for prey animals to effectively manage predator
interactions.
Parental Behavior
Efficient chemical communication between parent and offspring may aid in
mammalian parental care. Females engaged in parental care relay information to their
offspring, especially in the early days of existence. Signaling details regarding foraging,
dominance hierarchy, or predation can be crucial to offspring survival. Sibling
competition may be the driving force for rabbit pup survival as pups only have a small
window of opportunity to nurse. Pups are allowed to nurse from their lactating mother
once a day and for only about four minutes each time. Heightened competition increases
the need for efficient communication in order to help pups locate their mother’s nipples
for lactation (Distel and Hudson, 1985). Rabbit milk indirectly guides pups to successful
lactation by eliciting a nipple search and grasping behavior via a chemical signal. This
pheromone has recently been discovered as 2-methylbut-2-enal (Schaal et al., 2003).
Survival of rabbit pups may depend on this pheromone and plays a significant role in
locating a nipple for lactation. The parent directly increases their fitness by chemically
communicating with their offspring; therefore, selection should favor this trait. Natural
selection should also favor conspecific identification by olfactory signals in order to
maintain social hierarchies and define territories.
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Conspecific Identity
In social species it is beneficial to have the ability to discriminate between
relatives and unknown clan members. Territories can be established and social structure
can be maintained by using chemical cues to discern conspecific identity. Social and
solitary species appear to use chemical communication to identify conspecifics and
discern specific traits about the individual. Intergroup relations may depend on efficient
chemical communication as a way of discriminating between unknown groups. Female
marmosets are able to distinguish between familiar and unfamiliar dominant females,
which indicate that female marmosets have specific chemical signatures. These chemical
signatures may be used to signal dominance and kin (Smith et al., 1997). A solitary living
species, such as the black rhinoceros, depend on olfactory cues to communicate certain
traits about individuals. Urinary and fecal volatiles may act as chemical cues to
conspecifics, providing information regarding age, sex, and identity (Linklater et al.,
2013). Similarly, polar bears may use odors from scent glands in their paws to
communicate information to conspecifics. As polar bears roam glacial landscapes, it may
be important to leave chemical cues behind. Studies indicate that ever changing
environmental limitations may influence the manner by which polar bears chemically
communicate (Owen et al., 2014). Likewise, giant pandas may also have the ability to
discern information about individuals; this information could be useful to increase
success of captive breeding programs. Ano-genital gland chemical profiles in giant
pandas supply information about sex and age (Yuan et al., 2004), gender and
individuality (Hagey and Macdonald, 2003), and individual chemical signatures
(Swaisgood et al., 1999). The chemical composition of anogenital gland secretions may
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contain an “odor fingerprint,” suggesting that synthetic signaling molecules could help
maintain natural behaviors and physiological changes during the breeding season (Zhang
et al., 2008).
Reproductive Status
Reproductive status may also be communicated between conspecifics using
olfactory cues. Reproductive status can be altered by pheromones of the opposite sex,
including induction of ovulation (Gangrade and Dominic, 1984; Whitten, 1956) and
blocking pregnancy (Bruce, 1960). Male and female individuals can act as the signaler or
the receiver. This section will review breeding specific responses of females and males to
the opposite gender in addition to the role that pheromones play in reproductive social
dynamics.
Exposure to male individuals often has an effect on the reproductive status of
conspecific females. To increase fitness, males will use chemosensory cues to induce
estrus whenever possible. Exposure to intact male mice urine will prompt estrus in female
mice (The Whitten Effect); however, if females are housed together with no male
interaction, anestrus occurs (Gangrade and Dominic, 1984; Whitten, 1956). In recently
mated female mice, pregnancy can be obstructed when exposed to unknown males (The
Bruce Effect) (Bruce, 1960). Dissimilar results were seen when the olfactory bulbs of the
female mice were removed, therefore; this response is elicited by male pheromones
(Bruce and Parrott, 1960; Parkes and Bruce, 1962). These studies indicate that male mice
may have control over both the estrous cycle and implantation; however the pheromone
composition for each effect may differ greatly (Bruce, 1965; Gangrade and Dominic,
1984). Major urinary complex proteins particularly bind 2-(sec-butyl)-thiazoline, 2,320

dehydro-exo-brevicomin, and 4-(ethyl)-phenol; all of which can be characterized as “sex
pheromone-binding proteins” as these compounds elicit female sexual behaviors in
reaction to male urinary volatiles (Bacchini et al., 1992). Low molecular weight volatile
compounds, (R, R)-3,4-dehydro-exo-brevicomin (DB), (S)-2-sec-butyl-4, 5dihydrothiazole (BT), E,E alpha-farnesene, E beta-farnesene and 6-hydroxy-6-methyl-3heptanone, are found with increased concentration in mature male mice urine. The
presentation of individual volatile compounds to pre-pubertal female mice acts as a
catalyst for achieving puberty. A mixture of (R, R)-3,4-dehydro-exo-brevicomin (DB)
and (S)-2-sec-butyl-4, 5-dihydrothiazole (BT) induces oestrus and synchronizes estrous
cycles when exposed to female mice (Novotny, 2003). Unseasonal ovulation in female
goats may be prompted by a potential pheromone in male goat hair. The specific
compound or mixture of compounds remains unknown; however, gas chromatography
proposes that volatility and low molecular weight are characteristics of this potential
pheromone. Levels of the hypothalamic gonadotrophin-releasing hormone (GnRH) in
female goats fluctuate when this pheromone is released through the sebaceous glands of
the male goat (Murata et al., 2009). This pheromone produced in male goat hair appears
to be activating sexual receptivity in female goats.
Females often use pheromones to signal reproductive status and elicit male sexual
responses. Natural selection should favor such traits as females receive direct fitness
benefits. Effective signaling will lead to successful mating events and result in viable
offspring. Urinary volatile compounds in female mice have elicited male sexual
behaviors, indicating that these chemical compounds may serve as an attractant during
the reproductive period. 1-iodo-2methyl undecane (1I2MU) was identified through gas
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chromatography coupled to mass spectrometry (GC-MS) as a urinary compound of
female mice. This compound was only observed in proestrus and estrus phases
demonstrating that this cue may signal reproductive status. 1-iodo-2methyl undecane
(1I2MU) also appeared to significantly affect the attraction of males to females during a
behavioral assessment (Achiraman and Archunan, 2006).
In addition to chemical cues in urine, vaginal secretions elicit male sexual
responses and increased mounting behavior (Goodwin et al., 1979; Johnston, 1975,
1974). For example, female dogs contain methyl p-hydroxybenzoate, a compound that
increases mounting events in dogs (Goodwin et al., 1979), while an unknown compound
will elicit similar responses in golden hamsters (Johnston, 1975, 1974). Reproductive
status can be communicated through chemical cues in urine and vaginal secretions.
Solitary and nomadic animals may utilize more than one method, such as urine and scent
marking, to find an appropriate mate via chemical communication. Overall, male and
female individuals use pheromones as an attempt to influence the opposite sex by
manipulating reproductive status and attractiveness. Chemical cues and signals appear to
influence reproductive status, as well as communicate sexual receptivity. Accessing
proper mates through successful exchange of information will ultimately increase both
individual’s fitness. However, reproductive social dynamics can also be affected by
chemical cues and signals as information is exchanged and utilized by individuals within
a group.
Synchronized estrous cycles in Asian elephants (Rasmussen and Schulte, 1998;
Rasmussen, 2001) provide a good example of chemical communication dictating social
dynamics within a group. Urinary volatiles allow female Asian elephants to distinguish
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variation in estrus status of other females in their group (Slade et al., 2003). Female Asian
elephants signal their reproductive condition by releasing (Z)-7-dodecenyl acetate (Z7–
12: Ac), a urinary pheromone found in females. As the reproductive cycle progresses
from the follicular stage to just prior to ovulation, the concentration of (Z)-7-dodecenyl
acetate (Z7–12: Ac) increases by 100-fold (Rasmussen, 2001). Two volatile compounds
found in Asian elephant luteal phase urine, 5a-androst-2-en-17b-ol and 5a-androst-2-en17-one, have been useful in tracking estrous cycles and predicting birth dates. Upon the
fifth day preceding birth, the concentration of 5a-androst-2-en-17b-ol began to decrease;
on the day of delivery the level of 5a-androst-2-en-17b-ol was at baseline (Hildebrandt et
al., 2006). Gray mouse lemurs are solitary mammals in the wild; however, captivity
enforces a simulated grouping, which leads to several reproductive issues. Urine from
dominant individuals may have the power to obstruct other sexual relations by eliciting a
testosterone decrease in subordinates (Schilling et al., 1984). As animals reach
reproductive senescence at an elderly age, it appears that their ability to chemically
communicate also declines. This is the case in the male gray mouse lemur as both
physiological and behavioral responses to urine from proestrous females declined in older
individuals when compared to adults (Aujard and Nemoz-Bertholet, 2004). Similarly,
synchronized estrous cycles are found in black bears that are housed together in captivity.
When presented to polyestrous females, male black bears are particular as to which
specific female’s estrus they are interested in and even further, are discriminatory
towards specific days within a peak estrus. This was determined by having a successful
mount. The successful mounting events also correlated with increased investigation of the
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ano-gential region prior to copulation; therefore chemical cues appear to play a part in
isolating the preferred estrus status of females (Gonzales et al., 2013).
Chemical communication between conspecifics may increase knowledge
regarding estrus detection and specific chemical signatures. Giant panda, brown bear, and
spectacled bear estrous urine contain medium-chain fatty acids that increase with the
seasonal increase of estrogen; however, the role of these fatty acids as pheromones
remains unknown (Dehnhard et al., 2006). An increase in these fatty acids may be an
estrus indicator and serve as a pheromone to attract males (Dehnhard et al., 2006, 2005).
Volatile compound characteristics are extremely beneficial to endangered species as
knowledge of sex pheromone production in mammals can be useful to captive breeding
programs. Signaling reproductive status through chemical cues may be most crucial for
solitary species; however, procreative social dynamics could be affected by chemical
cues as well.
Methods of Research
While valuable knowledge can be gained from non-invasive studies, pheromone
research typically requires invasive techniques to fully answer questions regarding
olfactory stimulation. Pheromones are thought to be detected by olfactory sensory
neurons, and the information is then transferred to the central nervous system, resulting in
a behavior or developmental process (Figure 1.5, Wyatt, 2003; Karlson and Luscher,
1959). However, due to the invasive nature of neurochemistry research, little work has
been done to identify the olfactory sensory system (including the main olfactory
epithelium and/or vomeronasal organ) or determine the effects of pheromones on the
central nervous system of several species. Methods of pheromone research in mammalian
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species are focused on investigating the impact of volatile compounds on neurochemistry,
endocrinology, and behavior.

Figure 1.5

Schematic of pheromone effects on the individual

The detection of pheromones by the olfactory sensory neurons can lead to stimulation of
the central nervous system (CNS) and cause a primer effect by eliciting changes in the
endocrine (hormone) system and/or cause a releaser effect by initiating behavior
responses. Figure re-created and modified from Wyatt, 2003.
In mammals, pheromones and odors are thought to be detected by the main olfactory
epithelium (MOE) and/or the vomeronasal organ (VNO) (Dulac, 2003; Wyatt, 2003). It is
usually assumed that the MOE detects odorants by expressing a given olfactory receptor
that transfers information to the main olfactory bulb and results in brain nuclei activity
(Figure 1.2; Dulac, 2003). The VNO recognizes pheromones by expressing V1R and
V2R receptors that project to the accessory olfactory bulb via the Trp2 gene to ultimately
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transmit information to the vomeronasal amygdala and then to the hypothalamus (Figure
1.6; Dulac, 2003; Haga, 2010). As air passes through the nasal cavity, it is believed that
the lining of olfactory epithelium detects odorants and the sensory neurons in the VNO
distinguish pheromone effects (Buck, 2000). A flehmen response (curling of the upper lip
to expose the vomeronasal organ) is typically indicative of an individual’s ability to
detect volatile compounds (Keverne, 1999). In order to fully investigate potential
pheromones in mammalian species, questions related to the detection and chemosensory
pathway of volatile compounds, endocrine system control of possible pheromones, and
behavior output in response to pheromones must be answered.

Figure 1.6

Simplified olfactory pathway in the brain

The olfactory sensory neurons (OSN) in the main olfactory epithelium and in the
vomeronasal organ will detect odors and pheromones. Information will then be
transmitted to the main olfactory and accessory olfactory bulbs which will send
projections to higher areas of the brain. Figure re-created from Wyatt, 2003.

Olfactory System
Animals are typically anesthetized to first locate a cavity opening by endoscopic
means followed by a computerized tomography (CT) scan to identify the location of a
possible olfactory system structure. Once the location is identified, individuals would
need to be sacrificed or animals that have already died due to unrelated events would be
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subject to necropsy. The tissue surrounding the olfactory system would then be
investigated and histologic cross sections analyzed in order to determine the structure of
the olfactory system. The structure of the vomeronasal organ has been determined in the
cat (Salazar et al., 1996), the dog (Dennis et al., 2003), compared in new world monkeys
(Smith et al., 2011), and compared across pigs, cows, and horses (Salazar et al., 1997).
Sections of olfactory structures are identified as was done in the canine vomeronasal
organ (Figure 1.7; Dennis et al., 2003).

Figure 1.7

Frontal section through canine vomeronasal organ

(A) Canine vomeronasal organ (VL), the blood vessels and glands within the
vomeronasal cartilage (VC), (B) Sensory neurons (arrowhead) and projecting axons (Ax),
and (C) Sensory and non-sensory epithelium (arrows) in the transitional zone (TZ).
Figure adapted from Dennis et al., 2003.

Two methods have been used in mammalian species to monitor the activation of
the olfactory communication system: electrovomeronasogram (EVG; activation of the
vomeronasal organ) and electroencephalographic olfactometry (EEGO; activation of the
main olfactory epithelium). The activation of the vomeronasal organ can be determined
by an electrovomeronasogram (EVG), which has been successfully used in several mouse
studies (Haga et al., 2010; Leinders-Zufall and Zufall, 2013; Kimoto et al., 2007). The
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electrovomeronasogram requires the specimen to be deceased and the vomeronasal organ
to be extracted. Once the VNO is exposed, a bath solution, a chemical stimulant, and an
electrode can be applied to the vomeronasal organ (Figure 1.8 A-C; Leinders-Zufall and
Zufall, 2013). The electrode will record the energy potential of the vomeronasal organ in
response to the chemical stimulant applied (Figure 1.8 D-G; Leinders-Zufall and Zufall,
2013).

Figure 1.8

Sequence of electrovomeronasogram procedure in mouse

An electrovomeronasogram can be completed by exposing the vomeronasal organ (A-B)
and applying stimulants to activate the energy potential (C). The potential is then
recorded as a signal with the electrovomeronasogram (D-G). Figure adapted from
Leinders-Zufall and Zufall, 2013.

Similarly, an electroencephalographic olfactometry (EEGO) analysis will record the
energy potential activation of the main olfactory epithelium. After immobilization, hair is
shaved from the head and electrodes would be placed in various locations around the
head including: right frontal, right occipital, left frontal, and left occipital. Each stimulant
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is placed individually on the tip of the nose (Hirano et al., 2000). The energy potentials
elicited by the odors would be recorded. Variation across the EEGO recordings may
suggest different responses to each stimulant. This method is less invasive than the EVG
as the individual does not have to be sacrificed and would still provide evidence of
olfactory responses to stimulants.
Endocrine System
In order to determine if pheromones are controlled by or related to the endocrine
system, invasive manipulation of the reproductive system is required. This type of
experiment would determine if priming pheromones are produced by individuals.
Estrogen, testosterone, and prostaglandin are thought to play an important role in the
regulation of mammalian ovarian activity and sexual receptivity (Senger, 2012). In cattle,
injections of Gonadotropin-releasing hormone (GnRH) and prostaglandin F2α (PGF2α)
are often used to synchronize ovulation for more accurate AI techniques (Pursley et al.,
1995). GnRH is a peptide hormone that releases follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) from the anterior pituitary and controls follicular growth and
ovulation (Senger, 2012). In cattle, PGF2α injections during the luteal phase of the
estrous cycle will cause regression of the corpus luteum followed by initiation of the
follicular phase (Pursley et al, 1995). Therefore, injections of GnRH, PGF2α, and
estrogen may stimulate follicular activity and ovulation in female individuals, while
testosterone injections may stimulate spermatogenesis in males. Hormonal injections may
be necessary to stimulate the production of pheromones regulated by the endocrine
system. The volatile profile or urine, feces, or gland secretions would be required to
change in response to changes in the endocrine system.
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Behavior Evaluation
Discriminatory behavior has demonstrated odor preferences in several
mammalian species thought to utilize chemical communication. In a social setting, both
female and male individuals have been shown to discriminate between familiar and
unfamiliar conspecifics (Smith et al., 1997; Zhang et al., 2001). Males, especially solitary
individuals, are likely to discriminate potential mates based off of reproductive status.
Previous studies have demonstrated some use of experimental investigation of
discriminatory behavior; however, these are often conducted with rodent-related species
and/or domesticated species. Experimental investigation of discriminatory behavior to
identify reproductive status has been completed in opossums (Harder et al., 2008; Zuri et
al., 2003), hamsters (White et al., 1986; delBarco-Trillo et al., 2009; Huck et al., 1989;
Zhang et al., 2001), lemmings (Huck et al., 1984), guinea pigs (Beauchamp et al., 1973),
sheep (Alexander et al., 1999; Blissitt et al., 1994), ring-tailed lemurs (Dugmore et al.,
1984), and dogs (Dunbar, 1977). More specifically, chemical cues in urine often serve as
a cue of reproductive status. When exposed to urine samples from different sexes and
reproductive condition, sexually receptive female urine preferred in guinea pigs
(Beauchamp, 1973), sheep (Blissitt et al., 1994), and dogs (Dunbar, 1977). Within
ursidae, male polar bears (Owen et al., 2015) and black bears (Gonzales et al., 2013) have
shown odor preferences for female scent; however, there is less convincing evidence for
this in brown bears, yet this species does appear to assess dominance through
chemosensory investigation (Clapham et al., 2012).
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Pheromone Collection
Pheromones are produced by mammalian species in urine, feces, gland secretions,
and hair. These excretions can be collected by use of sterile syringe, plastic bags and
containers, and swabs or tampons. However; the collection of the secretion is only the
first step prior to collecting the pheromones produced in each secretion. Volatile
compounds from these sources can be collected by solvent extraction and/or steam
distillation; however, these methods typically require further purification steps (Millar
and Haynes, 1998). Therefore, this section is focused on the sampling of volatile
compounds without the use of solvent, specifically direct head space sampling, thermal
desorption tubes, stir bar sorptive extraction, and solid phase microextraction. Direct
headspace analysis employs a gas tight syringe to remove a sample of headspace gas
from the sample (Millar and Haynes, 1998). There are few studies in the literature that
describe using direct headspace analysis to collect pheromones. This method has been
used in the food industry to monitor vegetable oil authenticity; however, it was not well
suited due to low sensitivity (Cavalli et al., 2003). Direct sampling may be more useful to
determine concentrations of highly volatile compounds such as ethylene produced by
plant-herbivore interactions (Kendall and Bjostad, 1990; Campos et al., 1994). Volatile
compounds can also be collected onto an adsorbent cartridge by circulating air through
the tube and subsequently analyzed with gas chromatography by using thermal
desorption (Millar and Haynes, 1998). This technique is well-suited for capturing volatile
compounds from the environment or directly from the organism as no manipulation of
the sample is required. This technique has been successfully used to identify the sex
pheromone in small insect species (Drijfhout et al., 2000). Stir bar sorptive extraction is a
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recent addition to the methods of pheromone collection and extraction. This technique
utilizes a coated stir bar to extract volatile compounds from biological matrices (Soini et
al., 2005). Stir bar sorptive extraction has been used to collect volatile compounds from
ferrets (Zhang et al., 2005), birds (Soini et al., 2007), and mice (Novotny et al., 2007;
Soini et al., 2009). Developed in 1990, solid phase microextraction (SPME) extracts
chemical compounds from liquids, gases, and solids (Arthur and Pawliszyn, 1990; Zhang
and Pawliszyn, 1993). The volatile compounds excreted by animals can be trapped by the
carboxen molecular sieve (CAR)/polydimethylsiloxane (PDMS) coating on SPME fibers.
SPME extracts volatile compounds from either the headspace of samples held in an air
tight container or the solution directly (Millar and Haynes, 1998). SPME fibers can also
be rubbed across a particular gland to collect volatile compounds and this is often done
with insect species (Peppuy et al., 2001; Bordereau et al., 2002). SPME sampling of the
headspace of urine samples to collect volatile compounds has been done in several
species including mice (Kayali-Sayadi et al., 2003), Asian elephants (Dehnhard et al.,
2003), and giant pandas (Dehnhard et al., 2005) The SPME technique was initially used
for detecting pollutants in water samples (Zhang and Pawliszyn, 1993), but has expanded
to the field sampling of air samples (Jia et al., 2000; Muller et al., 1999). The collection
of volatiles using field air analysis/SPME has been used to identify plant emissions
(Raveane et al., 2013; Burken et al., 2011; An et al., 2001; Yassaa and Williams, 2007;
Isidorov et al., 2003) and insect pheromones (Malosse et al., 1995; Rochat et al., 2000;
Brown et al., 2006).

32

Analytical Methods
Several different methods can be used for the separation and identification of
volatile compounds produced by organisms. Chromatographic instruments can be
coupled with various detectors for the identification and measurement of volatile
compounds (Millar and Haynes, 1998). Gas chromatography (GC) coupled with mass
spectrometry (MS) provides separation of compounds based off of affinity for the
column, molecular weight, and volatility, while liquid chromatography is typically used
to separate less volatile and higher molecular weight compounds (Ekman et al., 2009).
High performance liquid chromatography and liquid chromatography can both be utilized
to detect volatile compounds. These instruments tend to have a lower sensitivity and
reduced peak shape compared to gas chromatography and are more suitable for
separating known, non-volatile compounds (Millar and Haynes, 1998). Typically, gas
chromatographs are equipped with library databases, while liquid chromatographs are
often not due to a lack of standardization procedures and a greater number of variables to
take into account, making the identification of unknown compounds much less intensive
and time consuming (Millar and Haynes, 1998).
However, there can be cases where two compounds will co-elute from the column
when using gas chromatography, meaning two compounds are generated in one peak on
the chromatogram. In highly complex samples, this phenomenon can occur quite
frequently. Urine typically contains several analytes as a result of fatty acid biosynthesis,
carbohydrate metabolism, and protein catabolism, all of which are broken down in the
urea cycle and eventually excreted by the body. Analyzing urine samples containing
unknown volatile compounds can be completed using a GC x GC to improve the
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resolution and accuracy of the sample. The GC x GC analytical technique employs the
use of two columns within a GC oven. These two columns are separated by a modulator
(or modulating stimulus) that will sample from the molecules in the first column and
pulse segments of analytes to the second column (Figure 1.9; Marriott and Shellie, 2002).

Figure 1.9

Simplified schematic of GC x GC instrument

The GC x GC instrument uses two columns to further separate compounds that may have
similar characteristics when analyzed on a GC-MS. The modulation stimulus will sample
the eluted components from the first column and push them to the second column and
finally to the detector. Figure re-created and modified from Marriott and Shellie, 2002.

This technique will provide increased separation of compounds that may be co-eluting
from the column when analyzed by GC-MS. GC x GC has been used to analyze volatile
organic compounds in the atmosphere (Xu et al., 2003), herbal mixtures (Di et al., 2004),
and essential oils (Dimandja et al., 2000; Marriott et al., 2000). Several studies
demonstrate an increase in identifiable peaks (Dimandja et al., 2000) and sensitivity of
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detection through separation of compounds (Marriott et al., 2000) when using the GC x
GC technique.
Once a chromatographic method is used to separate the compounds, an
appropriate mass analyzer will generate an accurate mass spectrum for each compound.
Several mass analyzers are available in order to separate molecules based off of their
mass. A comparison of mass analyzers shows the different capabilities of each one (Table
1.1).
Table 1.1

Comparison of mass analyzers

Feature

Time-ofFlight

Quad

Sector

QIT

Orbitrap

FTICR

Resolution

Low-high

Lowmedium

Very high

Low-high

Very high

Highest

Mass accuracy

High

Low

Very high

Lowmedium

Very high

Very high

m/z range

Very high

Low

Medium

Lowmedium

Low

Medium

Sensitivity

High

High

High

High

Medium

Medium

Dynamic range

Medium

High

Very high

Lowmedium

Medium

Medium

Quantification

Mediumgood

Good-very
good

Very good

Poor

Medium

Medium

Speed

Fast

Mediumfast

Slow

Mediumfast

Slowmedium

Slowmedium

Ion-source

Pulsed/
continuous

Continuous

Continuous

Pulsed/
Continuous

Pulsed/
continuous

Pulsed/
Continuous

Handling

Easymedium

Easy

Mediumdemanding

Easy

Medium

Demanding

Simplified comparison of time-of-flight, magnetic/electric sector (sector), quadrupole
(quad), quadrupole ion trap (QIT), orbitrap, fourier transform ion cyclotron resonance
(FTICR). Table modified from Ekman et al., 2009.
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The magnetic/electric sector maintains high overall performance; however, the time-offlight has a greater m/z range which is beneficial when scanning a complex sample
looking for several different analytes of varying masses and volatility. While the
quadrupole ion trap is typically easy to handle and less expensive than the TOF, it ranks
fairly low for resolution, mass accuracy, and m/z range. The orbitrap is a recent addition
to mass analyzer instrumentation. The orbitrap traps and stores ions in a well and their
frequency is measured. The orbitrap has a low m/z range, making it suitable for targeted
studies of known compounds, but not appropriate for the scanning of several unknown
compounds in complex samples. Lastly, the Fourier Transform Ion cyclotron Resonance
analyzer is highly demanding and falls to medium levels for m/z range, sensitivity, and
quantification (Ekman et al., 2009). A mass selective detector contains a single
quadrupole mass analyzer. In this case, a voltage and radio frequency are applied to four
rods (quadrupoles) to only allow ions of one mass to charge ratio to pass through to reach
the detector (McNair and Miller, 1998). This type of mass analyzer is relatively simple,
cost efficient, and has the ability to perform rapid scanning. Mass spectrometry provides
both qualitative and quantitative data in order to identify unknown compounds (Ekman et
al., 2009; McNair and Miller, 1998). Samples are introduced to the system through an
inlet and molecules are then ionized in order to be attracted or repelled by the magnetic or
electrical fields (McNair and Miller, 1998). Several ionization sources are available for
mass spectrometry (Table 1.2).
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Table 1.2

Mass spectrometry ion generation sources for detection of volatile
compounds

Method
Electron Ionization

Category

Applications
Smaller molecules; GCElectron induced ionization
MS; Extensive libraries

Chemical Ionization

Electron induced ionization GC-MS

Photoionization

Photoionization

Smaller molecules; GCMS

Ionization by strong
Molecular compounds
electric field
Overview of source types that generate ions in order to record the mass spectrum of
volatile compounds. Table re-created and modified from Ekman et al., 2009.
Field Ionization

In the case of electron ionization, voltage is applied to the filament to create energy for
electrons to be removed from molecules and fragmentation to occur resulting in ions.
Following ionization, ions are separated according to their mass to charge ratio (m/z)
through magnetic or electrical fields; this can be done with either quadrupole or ion traps
as the mass analyzer. Lastly, the electron multiplier will count the ions and create a mass
spectrum (Figure 1.10; Ekman et al., 2009; McNair and Miller, 1998).
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Figure 1.10

Schematic of flow of volatile compounds through mass selective detector

Schematic of electron ionization source-single quadrupole mass analyzer and electron
multiplier to ultimately result in a recorded mass spectrum of a volatile compound. Figure
re-created, combined, and modified from Ekman et al., 2009 and McNair and Miller,
1998.

The single quadrupole mass analyzer has the ability to separate the atoms and molecules
based off of their mass; however, mass accuracy and resolution can be improved with a
more advanced mass analyzer such as a time-of-flight (TOF) mass analyzer (Ekman et
al., 2009). In general, time-of-flight mass spectrometers maintain faster acquisition rates
and higher resolution when compared to quadrupole mass spectrometers (Williamson and
Bartlett, 2007). TOF mass analyzers can utilize a pulsed or continuous ion-source
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(Ekman et al., 2009). A popular choice for a pulsed ionization source is the matrixassisted laser desorption/ionization (MALDI); however, this is typically used for larger,
non-volatile compounds (Karas et al., 1987). A MALDI/TOF combination has been used
to detect major urinary proteins mice urine (Ma et al., 1999; Beynon et al., 2002), which
are thought to be the vehicle for pheromones to enter environment and could possibly be
pheromones themselves (Flower, 1996). It is likely that other mammalian species utilize
major urinary proteins to facilitate the movement of pheromones into the environment.
Future research on mammalian chemical communication may utilize such
instrumentation in order to identify major urinary proteins that could be related to
potential sex pheromones.
Gas chromatography combined with time-of-flight mass spectrometry has wide
range of applications including: identification of volatile and semi-volatile compounds in
honey (Moniruzzaman et al., 2014), determining organic pollutants in water (Portolés et
al., 2011), detection of volatile organic compounds in human breath (Rudnicka et al.,
2011), and metabolomes in urine and serum (Dunn et al., 2008). This technique has also
been used for the detection of a wide array of volatile flavor compounds such as, apples
(Song et al., 1997), rice (Ghiasvand et al., 2007), ice wine (Setkova et al., 2007), and
strawberries (Song et al., 1998). TOF mass spectrometers have the ability to collect
spectra at a much faster rate than scanning mass spectrometers, making them ideal
detectors for volatile compounds eluted by the fast separations and narrow peaks of gas
chromatography (Williamson and Bartlett, 2007). Several studies have utilized GC/TOFMS and GC x GC/TOF-MS to detect pesticides, polychlorinated biphenyls, and insect
pheromones (reviewed by Williamson and Bartlett, 2007). There has been a recent surge
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in the number of studies using GC x GC/TOF-MS to identify and measure insect
pheromones including identification of the composition of gland secretions and
identification of a courtship pheromone in a known bumblebee parasite (Kalinova et al.,
2008; Kindl et al., 2012), determination of the volatile secretions in the European stink
bug (Sanda et al., 2012), and the identification of aggregation pheromones in Chinese
bark beetles (Hoskovec et al., 2012). There is mounting evidence that GC x GC/TOF-MS
is a viable analytical tool for the detection and identification of the volatile compounds
that could potentially be rendered as pheromones. Mammalian chemical communication
is poorly understood and this is typically attributed to the complex matrices of gland
secretions, urine, and feces. The application of this type of combined instrumentation will
become evident as more chemical communication research is being completed on several
different mammalian species.
Chemical Communication Constraints
The transmission of chemical cues into the environment is thought to be
accomplished through the process of diffusion, the process of a gas spreading out from a
region of high concentration to a region of low concentration in the environment (Ebbing,
1984). Wilson and Bossert (1963) considered four general cases in which pheromones
would be released into the environment depending on the function of the signal: (1) puff
in still air, (2) continuous release in still air, both of which would apply to alarm
communication, (3) continuous release from a moving source in the case of a recruitment
trail, and (4) continuous release in wind which relates to possible sex pheromone
transmission. Results suggest that the amount of pheromone produced and the method of
transmission are both related to the signal function (Bossert and Wilson, 1963). With this
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in mind, misinterpretation of a chemical signal or lack of detection by a disruption in any
of the expressive methods may result in failed communication and a decrease in crucial
responsive behaviors. The ability of receiving individuals to detect and interpret chemical
signals can be influenced by climate change, habitat fragmentation, and anthropogenic
disturbances.
Climate
Chemical communication is likely to be influenced by the habitat organisms
occupy. Chemical cues deposited into the environment are subject to both natural and
induced fluctuations in climate. In general, an increase in temperature will cause a gas to
become less soluble in an aqueous solution (Ebbing, 1984); therefore, an increase in
temperature will cause molecules to become more volatile because the kinetic energy has
increased to the point where the compound can move from the liquid phase to the gas
phase. In a survey across seven orders of mammalian species, humidity and temperature
both impacted the volatility of chemical cues in scent marks as differences in the
molecular weight of compounds were found in animals occupying open temperate
grassland, closed temperate forest, and closed tropical forest habitats (Figure 1.11;
Alberts, 1992).
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Figure 1.11

Mean molecular weight of compounds in different habitats

The mean molecular weight of compounds excreted by seven orders of mammals in
temperate grassland, temperate forest, and tropical forest habitats. Figure adapted from
Alberts, 1992.

Increased temperature and humidity will ultimately increase the volatility of a compound,
and thus increase evaporation rates and decrease the amount of time the signal persists.
Tropical forests tend to have high temperatures and humidity when compared to
temperate grassland and temperate forest environments. The molecular weight of a
compound consists of the total atomic weights of all the atoms in a molecule and has an
inverse relationship with volatility (Thibodeaux, 1996). As the molecular weight
increases, the volatility will decrease. The molecular weight of compounds may be
elevated in a tropical forest habitat to ensure the signal persists over time and thus is
detected by receiving individuals. As environments are becoming warmer due to climate
change animals may have to adapt their chemical cues used for communication. For
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example, two species of iguanas excrete chemical cues that differ in volatility due to
environmental conditions. Desert iguanas excrete low volatile components that are also
detectable through visual ultraviolet sensitivity (Alberts, 1990), while green iguanas
excrete highly volatile compounds that do not absorb ultraviolet light (Alberts, 1992)
suggesting a difference in chemical cues due to temperature changes. In order to adapt to
changing environmental conditions, the chemical cues excreted by animals may need to
be secreted more often, the amount of secretion may need to be increased, or compounds
become heavier in molecular weight and/or non-volatile.
Habitat Fragmentation
Habitats and populations can become fragmented due to both changes in climate
and anthropogenic factors. There is surprisingly little empirical evidence to support the
idea that habitat fragmentation impacts chemical communication. However, this may be
due to the fact that questions like this are extremely difficult to test, especially with large
mammalian species. Characteristics of chemical cues may have to adapt to the
fragmented landscape by becoming larger in molecular weight and/or non-volatile and
individuals may have to scent mark more frequently so that the signal persists over longer
periods of time. Animals may have to employ alternative strategies for communication in
isolated populations, which will likely result in a decrease in chemical communication
use entirely. Habitat fragmentation is often a result of human development and in
particular, roadways play large role in separating animal populations. A case study was
completed with the Egyptian cotton leaf worm moth to test the effect of road ways on
insect chemical communication. When traveling towards a female sexual pheromone,
fewer male moths crossed the roadway compared to an open field (Keret et al., 2015).
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The fragmentation of organisms can decrease the use of chemical communication and
while this is difficult to demonstrate in mammalian species, scientists do expect that
similar results will occur. Polar bears are thought to utilize pedal secretions to chemically
communicate information to conspecifics that may influence social and reproductive
behavior (Owen et al., 2015). It has been speculated that the fragmentation of sea ice in
polar bear habitat will have a negative impact on reproductive success as males often
track receptive females over long distances (Derocher et al., 2004). While no empirical
evidence has been published to date, models predict the decline of female mating success
due to habitat fragmentation as searching efficiency, i.e. tracking by pedal scent declines
(Molnar et al., 2010). Habitat fragmentation will likely have a negative impact on
chemical communication between organisms by reducing reproductive success.
Anthropogenic Threats
Anthropogenic factors such as human development, pollution, and agriculture can
influence the detection of olfactory cues in the environment. Agriculture and
development leads to the release of non-native chemicals into the environment. These
chemicals are typically heavy metals and pesticides that have the ability to interfere with
the transfer of chemical information to receiving individuals and may even cause
maladaptive responses (Lürling and Scheffer, 2007). Chemical communication between
amphibians is highly affected by increased pesticide use in agriculture. A common
insecticide, endosulfan, caused a breakdown in the well-known olfactory communication
system of female red-spotted newts. Female red-spotted newts are thought to attract
males by vibrating her tail in order to disseminate the chemical cues in cloacal odors
(Verrell, 1982). Upon exposure to endosulfan, the size of the pheromonal glands and
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pheromone production decreased, both of which directly resulted in a decrease in mating
success (Figure 1.12; Park et al., 2001).

Figure 1.12

Mating success of female red-spotted newts treated with endosulfan

Lower mating success was demonstrated by female red-spotted newts when exposed to
5ppb and 10ppb levels of endosulfan. Figure adapted from Park et al., 2001.

Molecules present in the environment due to human development may have severe
effects on pheromone communication between conspecifics. Extraneous molecules can
not only overwhelm the concentration of pheromones present in the air, but can also
directly inhibit olfactory communication. Conservation strategies need to better
understand the impact of anthropogenic factors on olfactory communication, so that the
management of wildlife populations can be improved. This example demonstrates the
possible communication breakdown of organisms that utilize chemical communication in
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the presence of human development. The disrupted communication will ultimately lead to
a decrease in reproductive success across several species.
Changes in climate, habitat fragmentation, and anthropogenic threats will all influence
chemical communication in organisms. In all three cases, studies have shown impacts on
the ability of individuals to detect chemical cues and the probable decrease in
reproductive success. As the environment changes, organisms may need to use alternative
strategies for reproductive communication and/or evolve their chemical signaling
techniques and compound characteristics to meet the demands of changing environmental
conditions.
Giant Panda
The giant panda, Ailuropoda melanoleuca, is a member of the Ursid family that
occupies mountainous areas of China (Schaller et al., 1985). While a member of the
carnivore order, giant pandas almost entirely rely on bamboo for their diet (Schaller et al.,
1985; Kleiman, 1983). Giant pandas are a mono-estrus, solitary species that utilize
olfactory (Swaisgood et al., 1999), vocal, and visual (Schaller et al., 1985; Kleiman,
1983) communication to transfer information to conspecifics during the spring breeding
season when female giant pandas will enter a brief estrus period lasting one to three days
(Kleiman, 1983; Czekala et al., 2003). Several obstacles challenge giant panda survival in
the wild. Habitat loss, population fragmentation, and food shortage all contribute to their
jeopardized existence. China implemented the Natural Forest Conservation Program
(NFCP) in 2000 to increase forest cover, protect existing forest, and aid in job relocation
for displaced forestry workers (Zhang et al., 2000). The International Union for
Conservation of Nature recently down-listed the giant panda to vulnerable status due to
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an overall increase in population size (State Forestry Administration, 2015; Swaisgood et
al., 2016); however, some isolated populations appear to be decreasing in number (Zhu et
al., 2010) and demonstrate genetic differences across populations (Zhu et al., 2011).
Habitat loss includes the decline of old growth forests, which results in a decrease of the
number of suitable maternity dens. Tree cavities are common denning sites (Schaller et
al., 1985) and mothers may have a difficult time keeping cubs alive under less-desirable
conditions (Zhang et al., 2007). Logging and farming sites separate giant pandas
contributing to population fragmentation and limited bamboo availability (Wildt et al.,
2006). As a result, giant pandas are now secluded to high ridge tops surrounded by
agriculture, leaving little ability for genetic mixing (Wildt et al., 2006; Lü et al., 2008).
Giant panda numbers are 2,500 to 3,000 individuals (Zhan et al., 2006); however,
controversy surrounds the different molecular methods used for census estimates and
many conclude much lower population numbers (Zhan et al., 2009) and others even
suggest that there are only 1500 individuals left in the wild (Wildt et al., 2006). These
discrepancies leave researchers unsure about the stability of the wild population and the
amount of time available for conservation efforts. Land owners and giant panda
populations frequently share common resources as their territories often overlap. Human
and bear co-existence typically results in depletion of resources, territorial disputes, and
human safety concerns; all of which can cause significant financial loss for farmers and
encourage poor attitudes towards giant pandas. A recent study investigated the influence
of livestock on giant panda habitat, concluding that horses maintained similar habitat
area, habitat selection, and bamboo consumption (Hull et al., 2014). Due to excessive
logging and an increase in agricultural farming, the giant panda habitat has decreased
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greatly and become extremely fragmented (Figure 1.13; Reviewed by Loucks et al.,
2001).

Figure 1.13

Map of giant panda distribution

(A) Current and (B; inset map) historic distribution of giant pandas. Map adapted from
Loucks et al., 2001.

Chemical Communication
Giant pandas rely on chemical communication in order to determine reproductive
condition, competition, territory (Schaller et al., 1985; Swaisgood et al., 1999, 2000,
2002), and to identify predators (Du et al., 2012). Specifically, giant pandas can gather
immense information regarding conspecific identification (Swaisgood et al., 1999), sex
and reproductive status (Swaisgood et al., 2000, 2002), adulthood and age (White et al.,
2003), and competition (White et al., 2002) from olfactory communication. The
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important role that olfactory cues play in giant panda reproduction has become evident
over the past 20 years (Liu et al., 2005, Swaisgood et al., 2002, Swaisgood et al., 2000,
Swaisgood et al., 1999, White et al., 2004, White et al., 2003, White et al., 2002). Female
giant pandas are mono-estrus, requiring precise timing of breeding events to ensure
successful mating (Kleiman, 1983; Czekala et al., 2003). Male giant pandas are thought
to track a potential mate via vocalizations and chemical cues in ano-genital gland
secretions and urine (Schaller at al., 1985) to identify peak sexual receptivity. Olfactory
communication plays an important role in the communication of estrus status, advertising
fertility, initiating sexual motivation (Swaisgood et al., 2000, 2002) and identifying
reproductive maturity (White et al., 2003; Tian et al., 2007). Reproductive behaviors
during the breeding season demonstrate evidence for the use of chemical cues by giant
pandas. Females demonstrate the greatest frequency of scent marking and urination on
the date of peak estrogen (McGeehan et al., 2002) and 6-13 days prior to ovulation
(Lindburg et al., 2001). In addition, these scent marking behaviors can be induced by
vocalizations of individuals of the opposite sex in estrus (Xu et al., 2012). Chemical
profiles of anogenital gland secretions supply information about sex and age (Yuan et al.,
2004), gender and individuality (Hagey and Macdonald, 2003), and individual chemical
signatures (Swaisgood et al., 1999). Furthermore, the chemical composition of anogenital
gland secretions may contain an “odor fingerprint” which suggests that synthetic
chemosignals could be useful in controlling the behavior and physiology of pandas,
especially during the breeding season (Zhang et al., 2008).
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Constraints on Giant Panda Chemical Communication
Since modern zoos began to breed giant pandas in captivity in 1936 (Peng et al.,
2001), this species has earned a reputation for being difficult to reproduce in captivity
(Schaller, 1994; Peng et al., 2001). Captive populations suffer from inadequate
reproduction and low infant survivability, making it difficult to achieve self-sustainability
(Zhi et al., 2000). While recently, there has been an increase in natural mating, births, and
surviving cubs of captive giant pandas (Swaisgood et al., 2003), unsuccessful mating
attempts due to poor male mounting behavior, lack of male sexual motivation, and
aggressive behavior still exist in captive populations (Zhang et al., 2004). Giant pandas
contain intrinsic reproductive challenges, making it difficult to not only understand the
reproduction of these species in the wild, but also nearly impossible to replicate the
courtship behaviors in captivity.
Male and female giant pandas rarely interact outside of the spring breeding season
(Schaller et al., 1985; Kleiman, 1983). This species relies on olfactory cues to locate
potential mates and communicate information related to sex and age (Yuan et al., 2004;
Liu, 2013), gender and individuality (Hagey and Macdonald, 2003; Liu et al., 2008),
individual chemical signatures (Swaisgood et al., 1999; Zhang et al., 2008), and
reproduction (Swaisgood et al., 2000, 2002; Liu et al., 2013; Dehnhard et al., 2005,
2006). Giant pandas maintain individual home ranges, where one male home range will
encompass several female home ranges (Schaller et al., 1985). Individuals with
overlapping home ranges have common areas where they will deposit scent marks and
investigate previous marks left behind (Swaisgood et al., 2004). Giant pandas are a
polygamous species with females that are only sexually receptive once per year during
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the spring breeding season (Kleiman, 1983; Schaller, 1985). Giant panda cubs are
typically born in August and September and remain with the mother for 1.5-2.5 years
(Zhi et al., 2000; Schaller et al., 1985). During this time, cubs learn appropriate social
interactions and foraging techniques (Zhu et al., 2001; Schaller et al., 1985). Free-ranging
giant panda populations exhibit fewer infant deaths than those held in captivity (Zhi et al.,
2000). Captive institutions may try to alleviate this problem by hand-rearing cubs;
however, this technique does not provide the same amount of social stimulation as being
raised by the mother (Snyder et al., 2003). Mothers also demonstrate a preference for
odors from their own cubs rather than strange cubs (Swaisgood et al., 2004). A lack of
behavioral learning, mate choice, and movement through large home ranges may all
contribute to low reproductive success in captivity (Zhi et al., 2000). Due to the solitary
nature of this species, managers keep giant pandas separated in captivity. This may
contribute to the lack of socialization required during the courtship process. As female
sexual behavior increases nearing ovulation, male giant pandas respond accordingly with
increased sexual behavior (Owen et al., 2013; Schaller et al., 1985), indicating that these
social interactions are important for reproductive success. During this time, it is likely
that males are investigating the estrus status of females through chemical cues in her
urine (Swaisgood et al., 2002) and thus are able to track a potential mate and know when
she is most receptive (Schaller et al., 1985). The captive environment typically only
contains two individuals, making it difficult to provide opportunity for socialization and
mate choice, which are important for successful giant panda reproduction (Zhi et al.,
2000; Peng et al., 2009). Inappropriate timing of interactions among individuals can lead
to aggressive behaviors and possibly injury to individuals (Zhang et al., 2004), providing
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further evidence for opportunities for chemical communication prior to introductions.
Odors may activate sexual motivation, encouraging the idea that pandas in captivity need
opportunity for chemical communication in order to promote natural breeding and reduce
aggressiveness towards a potential mate (Swaisgood et al., 2000).
The properties of specific compounds that serve as chemical signals can often be
linked to the function of the signals (Alberts, 1992; Bossert and Wilson, 1963). Changes
inherent to the compound itself, such as structure, and environmental factors, such as
temperature, humidity, and wind, can contribute to changing signal functionality. Thus,
species are likely to adapt their chemical signals based on these parameters as selection
should favor the most efficient and successful transmission of signals (Alberts, 1992).
Free-ranging giant pandas have both temporal and spatial range constraints on chemical
communication. Giant pandas reside in a specific bamboo habitat in the mountains of
China (Schaller et al., 1985). This habitat is subject to changes in temperature, humidity,
and wind, all of which can affect signal functionality. Pollution and climate change may
play a role in the ability of giant pandas to communicate across landscapes. Increased
temperatures will cause volatile compounds to evaporate more quickly and signals may
be completely missed by potential receivers. In addition, giant pandas show substrate
selectivity by only scent marking on targeted trees (Nie et al., 2012). Further
anthropogenic disturbances such as logging could have a negative impact on giant panda
chemical communication in the wild. Similarly, spatial parameters of chemical signals
are often influenced by the environment and chemical composition. Giant pandas prefer
to scent mark on trees that are closer to the trail and across a large range to improve
detection and sustainability (Nie et al., 2012). These scent marking locations are
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prevalent across ridge tops and have been used over several generations (Swaisgood et
al., 2004). In addition, giant pandas scent mark at elevated locations on trees to indicate
dominance and competitive ability (White et al., 2002). Depositing scent marks on
particular trees and at higher locations on the tree both aid in the spatial movement of
chemical signals. The chemical composition of scent marks also influences the spatial
range of chemical signals. Giant panda scent marks are typically comprised of low
volatile, high molecular weight compounds that are likely to persist over time (Yuan et
al., 2004; Zhang et al., 2008). Compounds with low volatility are likely to be spread
across a larger spatial range and therefore increase detectability. The ability of
conspecifics to detect chemical signals may also be influenced by background noise.
Male giant pandas are thought to track a potential mate based off of her chemical cues
until she is at her peak sexual receptivity (Schaller et al., 1985). The localization of
potential mates may be aided by differing chemical cues, perhaps one to entice males to
initially follow a female, while a different compound elicits mounting behavior and/or
signals ovulation. This is thought to be the case in the chemical communication system of
golden hamsters, in which dimethyl disulfide attracts males to females and a second
compound elicits mounting behavior (Singer et al., 1980). Background noise can also be
increased by olfactory cues produced by agricultural farming and residential areas, both
of which can mask the chemical signals needed to elicit particular behaviors and transfer
information to conspecifics. While the giant panda population is increasing overall
(Swaisgood et al., 2016), there are some isolated populations that appear to be decreasing
in number (Zhu et al., 2010) and demonstrate genetic differences across populations (Zhu
et al., 2011). Few individuals in a population may lead to decreased detectability of
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signals and therefore missed communication opportunities regarding identity and
reproductive status. Individuals are likely required to communicate across fractured
habitat and landscape, resulting in a decreased olfactory spatial range. Anthropogenic
factors such as logging and pollution can inhibit the ability for chemical cues to move
spatially in the environment. Changes to the habitat will influence which trees giant
pandas will use for scent marking stations, the height of cues deposited on trees, and the
chemical composition of volatile compounds. Lastly, differences in nutrition may also
influence the composition of chemical signals, especially for those that indicate stored
energy (Cooper and Garstka, 1987). In addition, microbial action may aid in the creation
of complex odors to signal identity, kinship, and reproductive status (Albone et al., 1977).
Limited bamboo availability may contribute to the chemical communication constraints
of free-ranging giant pandas, as a change in diet is likely to change the volatile
compounds secreted in urine and feces by way of metabolic processes as well as the
microbial populations produced in the gut flora and glands. As environmental conditions
change, chemical cues will need to adapt as well to ensure successful communication.
Benefits to Captive Populations
Several studies investigating the application of chemical communication in giant panda
captive breeding programs have provided substantial evidence for the use of olfactory
cues to improve natural mating conditions (Swaisgood et al., 2004). Moving individuals
to different pens occupied by conspecifics increased olfactory investigation (Swaisgood
et al., 2000) and increased discriminatory behavior in response to estrous urine
(Swaisgood et al., 2002) suggests the vital role that chemical communication plays in
giant panda breeding activity. It may also be possible to encourage a breeding pair to
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mate by placing the intended mate’s scent on top of other competing individuals; this will
provide information regarding competitive ability of the mate and may influence mate
preference (Swaisgood et al., 2004). Even though captive breeding programs encourage
natural mating conditions, aggression due to a lack of socialization through chemical cues
may attribute to low success. Thus, knowledge of the specific chemical compounds in
urine during estrus would allow zoos to increase captive breeding success through
improved estrus detection and encourage natural mating through chemical socialization.
Findings from chemical communication research may also allow for managers to prime
males prior to semen collection, optimize timing for pair introduction and artificial
insemination, enhance the natural breeding environment and ensure compatibility among
breeding pairs.
Benefits to Free-ranging Populations
Giant pandas are a mono-estrus, solitary species (Schaller et al., 1985; Kleiman,
1983) that have become secluded to high ridge tops surrounded by logging and farming
sites, leaving little ability for genetic mixing (Wildt et al., 2006; Lü et al., 2008). The
International Union for Conservation of Nature recently down-listed the giant panda to
vulnerable status due to an overall increase in population size (State Forestry
Administration, 2015; Swaisgood et al., 2016); however, some isolated populations
appear to be decreasing in number (Zhu et al., 2010) and demonstrate genetic differences
across populations (Zhu et al., 2011). Giant pandas populations are currently fragmented
across five mountain regions: Qinling, Minshan, Qionglai, Xiangling, and Liangshan,
resulting in separation of the populations anywhere from 2 to 9 groups in a given area
(Hu and Wei, 2004). To increase genetic viability of small populations, giant pandas
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require continued conservation and management aimed at facilitating communication and
breeding across isolated populations. Future chemical communication research has the
potential to provide information to management for connecting isolated populations of
giant pandas. Relocation of giant pandas into new reserves or corridors between habitats
may be facilitated by placing conspecific odors in these areas (Swaisgood et al., 2004).
Chemical cues may also be used to track and identify individuals, determine attractants
for population census, and increase reintroduction success rates. The scent of an
individual may be placed in a particular area to establish a home range and decrease
stresses associated with the new environment (Swaisgood et al., 2004). Ultimately, both
captive and free-ranging populations of giant pandas can benefit from future chemical
communication research and integration into applied conservation efforts.
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of pheromones in mouse urine by head-space solid phase microextraction
followed by gas chromatography–mass spectrometry. Journal of Chromatography
B, 796(1), 55-62.
Keeling, C. I., Slessor, K. N., Higo, H. A., & Winston, M. L. 2003. New components of
the honey bee (Apis mellifera L.) queen retinue pheromone. Proceedings of the
National Academy of Sciences, 100(8), 4486-4491.
Kendall, D. M., & Bjostad, L. B. 1990. Phytohormone ecology. Herbivory by Thrips
tabaci induces greater ethylene production in intact onions than mechanical
damage alone. Journal of chemical ecology, 16(3), 981-991.
Keret, N., Välimäki, P., Mutanen, M., & Shanas, U. 2015. Large Roads Disrupt Insect
Movement: A Case Study of the Spodoptera littoralis (Lepidoptera:
Noctuidae). Journal of Insect Behavior, 28(5), 544-554.
Keverne, E. B. 1999. The vomeronasal organ. Science, 286(5440), 716-720.
Kimoto, H., Sato, K., Nodari, F., Haga, S., Holy, T. E., & Touhara, K. 2007. Sex-and
strain specific expression and vomeronasal activity of mouse ESP family
peptides. Current Biology, 17(21), 1879-1884.
Kindl, J., Jiroš, P., Kalinová, B., Žáček, P., & Valterová, I. 2012. Females of the
bumblebee parasite, Aphomia sociella, excite males using a courtship pheromone.
Journal of chemical ecology, 38(4), 400-407.
Kleiman, D. G. 1983. Ethology and reproduction of captive giant pandas (Ailuropoda
melanoleuca). Zeitschrift für Tierpsychologie, 62(1), 1-46.
Krahe, R., & Maler, L. 2014. Neural maps in the electrosensory system of weakly electric
fish. Current opinion in neurobiology, 24, 13-21.
Kristensen, H. H., Jones, R. B., Schofield, C. P., White, R. P., & Wathes, C. M. 2001.
The use of olfactory and other cues for social recognition by juvenile pigs.
Applied Animal Behaviour Science, 72(4), 321-333.
66

Landry, J. F. 1991. Coleophora deauratella Lienig and Zeller (Lepidoptera,
Coleophoridae) in North America: an introduced, newly detected European moth
injurious to red clover seeds. The Canadian Entomologist, 123(05), 1125-1133.
Leinders-Zufall, T., & Zufall, F. 2013. The electrovomeronasogram: field potential
recordings in the mouse vomeronasal organ. Pheromone Signaling: Methods and
Protocols, 221-236.
Liebig, J. 2010. Hydrocarbon profiles indicate fertility and dominance status in ant, bee,
and wasp colonies. Insect hydrocarbons: biology, biochemistry, and chemical
ecology. Cambridge University Press, Cambridge, 254-281.
Lindburg, D. G., Czekala, N. M., & Swaisgood, R. R. 2001. Hormonal and behavioral
relationships during estrus in the giant panda. Zoo Biology, 20(6), 537-543.
Linklater, W. L., Mayer, K., & Swaisgood, R.R. 2013. Chemical signals of age, sex and
identity in black rhinoceros. Animal Behaviour, 85, 671-677.
Liu, D., Zhang, G., Wei, R., Zhang, H., Fang, J., & Sun, R. 2005. Behavioral
responsiveness of captive giant pandas (Ailuropoda melanoleuca) to substrate
odors from conspecifics of the opposite sex. In Chemical Signals in Vertebrates
10 (pp. 101-109). Springer US.
Liu, D., Wei, R., Zhang, G., Yuan, H., Wang, Z., Sun, L., & Zhang, H. 2008. Male panda
(Ailuropoda melanoleuca) urine contains kinship information. Chinese Science
Bulletin, 53(18), 2793-2800.
Liu, D., Yuan, H., Wang, Z., Wei, R., Zhang, G., & Sun, L. 2013. Do Urinary
Chemosignals Code for Sex, Age, and Season in the Giant Panda, Ailuropoda
melanoleuca? In Chemical Signals in Vertebrates 12 (pp. 207-222). Springer New
York.
Losos, J. B. 1985. An experimental demonstration of the species-recognition role of
Anolis dewlap color. Copeia, 905-910.
Loucks, C. J., Lü, Z., Dinerstein, E., Wang, H., Olson, D. M., Zhu, C., & Wang, D. 2001.
Giant pandas in a changing landscape. Science, 294(5546), 1465-1465.
Lü, Z, Wang, D. & Garshelis, D.L. (IUCN SSC Bear Specialist Group) (2008).
Ailuropoda melanoleuca. In: IUCN 2013. IUCN Red List of Threatened Species.
Version 2013.1. <www.iucnredlist.org>.
Lürling, M., & Scheffer, M. 2007. Info-disruption: pollution and the transfer of chemical
information between organisms. Trends in Ecology & Evolution, 22(7), 374-379.

67

Ma, W., Wiesler, D., & Novotny, M. V. 1999. Urinary volatile profiles of the deermouse
(Peromyscus maniculatus) pertaining to gender and age. Journal of chemical
ecology, 25(3), 417-431.
Macdonald, D. W., Krantz, K., & Aplin, R. T. 1984. Behavioural, anatomical and
chemical aspects of scent marking amongst Capybaras (Hydrochoerus
hydrochaeris) (Rodentia: Caviomorpha). Journal of Zoology, 202(3), 341-360.
Majolo, B., Ventura, R., & Koyama, N. 2005. Postconflict behavior among male
Japanese macaques. International Journal of Primatology, 26(2), 321-336.
Maklakov, A. A., Bilde, T., & Lubin, Y. 2003. Vibratory courtship in a web-building
spider: signalling quality or stimulating the female?. Animal Behaviour, 66(4),
623-630.
Malosse, C., Ramirez‐Lucas, P., Rochat, D., & Morin, J. P. 1995. Solid‐phase
microextraction, an alternative method for the study of airborne insect
pheromones (Metamasius hemipterus, coleoptera, curculionidae). Journal of High
Resolution Chromatography, 18(10), 669-670.
Mardon, J., Saunders, S. M., Anderson, M. J., Couchoux, C., & Bonadonna, F. 2010.
Species, gender, and identity: cracking petrels’ sociochemical code. Chemical
senses, bjq021.
Marriott, P., & Shellie, R. 2002. Principles and applications of comprehensive twodimensional gas chromatography. TrAC Trends in Analytical Chemistry, 21(9),
573-583.
Marriott, P., Shellie, R., Fergeus, J., Ong, R., & Morrison, P. 2000. High resolution
essential oil analysis by using comprehensive gas chromatographic methodology.
Flavour and fragrance journal, 15(4), 225-239.
Mason, R. T., & Parker, M. R. 2010. Social behavior and pheromonal communication in
reptiles. Journal of Comparative Physiology A, 196(10), 729-749.
McGeehan, L., Li, X., Jackintell, L., Huang, S., Wang, A., & Czekala, N. M. 2002.
Hormonal and behavioral correlates of estrus in captive giant pandas. Zoo
Biology, 21(5), 449-466.
McGlone, J. J., & Anderson, D. L. 2002. Synthetic maternal pheromone stimulates
feeding behavior and weight gain in weaned pigs. Journal of animal science,
80(12), 3179-3183.
McGlone, J. J. 1985. Olfactory cues and pig agonistic behavior: evidence for a
submissive pheromone. Physiology & behavior, 34(2), 195-198.

68

McNair, H. M., & Miller, J. M. 1998. Basic gas chromatography. New York [etc., NY:
Wiley & Sons.
Meese, G. B., & Baldwin, B. A. 1975. Effects of olfactory bulb ablation on maternal
behavior in sows. Applied Animal Ethology, 1(4), 379-386.
Meese, G. B., & Ewbank, R. 1973. A note on instability of the dominance hierarchy and
variations in level of aggression within groups of fattening pigs. Animal
Production, 14(03), 359-362.
Melrose, D. R., Reed, H. C., & Patterson, R. L. 1971. Androgen steroids associated with
boar odour as an aid to the detection of oestrus in pig artificial insemination. The
British veterinary journal, 127(10), 497-502.
Millar, J., & Haynes, K. (Eds.). 1998. Methods in chemical ecology volume 1: chemical
methods (Vol. 1). Springer.
Moller, P., & Bauer, R. 1973. ‘Communication’in weakly electric fish, Gnathonemus
petersii (Mormyridae) II. Interaction of electric organ discharge activities of two
fish. Animal Behaviour, 21(3), 501-512.
Moller, P. 1970. ‘Communication’in weakly electric fish, Gnathonemus niger
(mormyridae) I. Variation of electric organ discharge (EOD) frequency elicited by
controlled electric stimuli. Animal Behaviour, 18, 768-786.
Molnár, P. K., Derocher, A. E., Thiemann, G. W., & Lewis, M. A. 2010. Predicting
survival, reproduction and abundance of polar bears under climate
change. Biological Conservation, 143(7), 1612-1622.
Moniruzzaman, M., Rodríguez, I., Ramil, M., Cela, R., Sulaiman, S. A., & Gan, S. H.
2014. Assessment of gas chromatography time-of-flight accurate mass
spectrometry for identification of volatile and semi-volatile compounds in
honey. Talanta, 129, 505-515.
Mori, B. A., & Evenden, M. L. 2014. Efficacy and mechanisms of communication
disruption of the red clover casebearer moth (Coleophora deauratella) with
complete and partial pheromone formulations. Journal of chemical ecology, 40(6),
577-589.
Mori, B. A., Yoder, C., Otani, J., & Evenden, M. L. 2014. Relationships among male
Coleophora deauratella (Lepidoptera: Coleophoridae) pheromone‐baited trap
capture, larval abundance, damage and flight phenology. Agricultural and Forest
Entomology, 16(2), 207-215.
Morrow-Tesch, J., & McGlone, J. J. 1990. Sources of maternal odors and the
development of odor preferences in baby pigs. Journal of animal science, 68(11),
3563-3571.
69

Müller, L., Górecki, T., & Pawliszyn, J. 1999. Optimization of the SPME device design
for field applications. Fresenius' journal of analytical chemistry, 364(7), 610-616.
Murata, K., Wakabayashi, Y., Kitago, M., Ohara, H., Watanabe, H., Tamogami, S., &
Mori, Y. 2009. Modulation of Gonadotrophin‐Releasing Hormone Pulse
Generator Activity by the Pheromone in Small Ruminants. Journal of
neuroendocrinology, 21(4), 346-350.
Nakamichi, M., & Shizawa, Y. 2003. Distribution of grooming among adult females in a
large, free-ranging group of Japanese macaques. International Journal of
Primatology, 24(3), 607-625.
Nevo, E., Heth, G., & Pratt, H. 1991. Seismic communication in a blind subterranean
mammal: a major somatosensory mechanism in adaptive evolution underground.
Proceedings of the National Academy of Sciences, 88(4), 1256-1260.
Nie, Y., Swaisgood, R. R., Zhang, Z., Hu, Y., Ma, Y., & Wei, F. 2012. Giant panda
scent-marking strategies in the wild: role of season, sex and marking surface.
Animal Behaviour, 84(1), 39-44.
Novotny, M. V., Soini, H. A., Koyama, S., Wiesler, D., Bruce, K. E., & Penn, D. J. 2007.
Chemical identification of MHC-influenced volatile compounds in mouse urine. I:
Quantitative proportions of major chemosignals. Journal of chemical ecology,
33(2), 417-434.
Novotny, M.V. 2003. Pheromones, binding proteins and receptor responses in rodents.
Biochem. Soc. Trans. 31, 117-122.
O’Connell, C. E., Arnason, B. T., & Hart, L. A. 1997. Seismic transmission of elephant
vocalizations and movement. The Journal of the Acoustical Society of America,
102(5), 3124-3124.
Orsulak, P. J., & Gawienowski, A. M. 1972. Olfactory preferences for the rat preputial
gland. Biology of reproduction, 6(2), 219-223.
Owen, M. A., Swaisgood, R. R., Mcgeehan, L., Zhou, X., & Lindburg, D. G. 2013.
Dynamics of male-female multimodal signaling behavior across the estrous cycle
in giant pandas (Ailuropoda melanoleuca). Ethology, 119(10), 869–880.
Owen, M. A., Swaisgood, R. R., Slocomb, C., Amstrup, S. C., Durner, G. M., Simac, K.,
& Pessier, A. P. 2015. An experimental investigation of chemical communication
in the polar bear. Journal of Zoology, 295(1), 36-43.
Pal, S. K. 2003. Urine marking by free-ranging dogs (Canis familiaris) in relation to sex,
season, place and posture. Applied Animal Behaviour Science, 80(1), 45-59.

70

Park, D., Hempleman, S. C., & Propper, C. R. 2001. Endosulfan exposure disrupts
pheromonal systems in the red-spotted newt: a mechanism for subtle effects of
environmental chemicals. Environmental Health Perspectives, 109(7), 669.
Parkes, A. S., & Bruce, H. M. 1962. Pregnancy-block in female mice placed in boxes
soiled by males. Journal of reproduction and fertility, 4(3), 303-308.
Parsons, M. H., & Blumstein, D. T. 2010. Familiarity breeds contempt: kangaroos
persistently avoid areas with experimentally deployed dingo scents.PloS
one, 5(5), e10403.
Patterson, R. L. S. 1968a. 5α‐androst‐16‐ene‐3‐one:—Compound responsible for taint in
boar fat. Journal of the Science of Food and Agriculture, 19(1), 31-38.
Patterson, R. L. S. 1968b. Identification of 3α‐hydroxy‐5α‐androst‐16‐ene as the musk
odour component of boar submaxillary salivary gland and its relationship to the
sex odour taint in pork meat. Journal of the Science of Food and Agriculture,
19(8), 434-438.
Pearce, G. P., & Hughes, P. E. 1987. An investigation of the roles of boar-component
stimuli in the expression of proceptivity in the female pig. Applied Animal
Behaviour Science, 18(3), 287-299.
Peng, J., Jiang, Z., & Hu, J. 2001. Status and conservation of giant panda (Ailuropoda
melanoleuca) a review. Folia Zool., 50(2), 81–88.
Peng, J., Jiang, Z., Qin, G., Huang, Q., Li, Y., Jiao, Z. & Liu, X. 2009. Mate choice in
giant panda (Ailuropoda melanoleuca). Belgian Journal Zoology, 139, 87-92.
Peppuy, A., Robert, A., Semon, E., Ginies, C., Lettere, M., Bonnard, O., & Bordereau, C.
2001. (Z)-dodec-3-en-1-ol, a novel termite trail pheromone identified after solid
phase microextraction from Macrotermes annandalei. Journal of Insect
Physiology, 47(4), 445-453.
Perry, G. C., Patterson, R. L. S., MacFie, H. J. H., & Stinson, C. G. 1980. Pig courtship
behaviour: pheromonal property of androstene steroids in male submaxillary
secretion. Animal production, 31(02), 191-199.
Portolés, T., Pitarch, E., López, F. J., & Hernández, F. 2011. Development and validation
of a rapid and wide-scope qualitative screening method for detection and
identification of organic pollutants in natural water and wastewater by gas
chromatography time of-flight mass spectrometry. Journal of Chromatography
A, 1218(2), 303-315.
Powers, J. B., Fields, R. B., & Winans, S. S. 1979. Olfactory and vomeronasal system
participation in male hamsters' attraction to female vaginal secretions. Physiology
& behavior, 22(1), 77-84.
71

Pursley, J. R., Mee, M. O., & Wiltbank, M. C. 1995. Synchronization of ovulation in
dairy cows using PGF 2α and GnRH. Theriogenology, 44(7), 915-923.
Rasmussen, L. E. L., & Schulte, B. A. 1998. Chemical signals in the reproduction of
Asian (Elephas maximus) and African (Loxodonta africana) elephants. Animal
Reproduction Science, 53(1), 19-34.
Rasmussen, L. L. 1988. Chemosensory responses in two species of elephants to
constituents of temporal gland secretion and musth urine. Journal of chemical
ecology, 14(8), 1687-1711.
Rasmussen, L. E. L. 2001. Source and cyclic release pattern of (Z)-7-dodecenyl acetate,
the pre-ovulatory pheromone of the female Asian elephant. Chemical Senses,
26(6), 611-623.
Raveane, L., Tisato, F., Isak, I., & Traldi, P. 2013. Analyses of BioVOCs variation
related to vegetation predominance in the natural park of ampezzo dolomites,
UNESCO world heritage area of dolomites. Journal of forestry research, 24(3),
439-448.
Raymer, J., Wiesler, D., Novotny, M., Asa, C., Seal, U. S., & Mech, L. D. 1984. Volatile
constituents of wolf (Canis lupus) urine as related to gender and season.
Experientia, 40(7), 707-709.
Rekwot, P. I., Ogwu, D., Oyedipe, E. O., & Sekoni, V. O. 2001. The role of pheromones
and biostimulation in animal reproduction. Animal reproduction science, 65(3),
157-170.
Rochat, D., Ramirez-Lucas, P., Malosse, C., Aldana, R., Kakul, T., & Morin, J. P. 2000.
Role of solid-phase microextraction in the identification of highly volatile
pheromones of two Rhinoceros beetles Scapanes australis and Strategus aloeus
(Coleoptera, Scarabaeidae, Dynastinae). Journal of Chromatography A, 885(1),
433-444.
Rosell, F., Jojola, S. M., Ingdal, K., Lassen, B. A., Swenson, J. E., Arnemo, J. M., &
Zedrosser, A. 2011. Brown bears possess anal sacs and secretions may code for
sex. Journal of Zoology, 283(2), 143-152.
Rudnicka, J., Kowalkowski, T., Ligor, T., & Buszewski, B. 2011. Determination of
volatile organic compounds as biomarkers of lung cancer by SPME–GC–
TOF/MS and chemometrics. Journal of Chromatography B, 879(30), 3360-3366.
Salazar, I., Quinteiro, P. S., Cifuentes, J. M., & Caballero, T. G. 1996. The vomeronasal
organ of the cat. Journal of anatomy, 188(Pt 2), 445.

72

Salazar, I., Quinteiro, P. S., & Cifuentes, J. M. 1997. The soft‐tissue components of the
vomeronasal organ in pigs, cows and horses. Anatomia, histologia,
embryologia, 26(3), 179-186.
Salibian, A., & Montalti, D. 2009. Physiological and biochemical aspects of the avian
uropygial gland. Brazilian Journal of Biology, 69(2), 437-446.
Sampedro, C., Font, E., & Desfilis, E. 2008. Size variation and cell proliferation in
chemosensory brain areas of a lizard (Podarcis hispanica): effects of sex and
season. European Journal of Neuroscience, 28(1), 87-98.
Šanda, M., Žáček, P., Streinz, L., Dračínský, M., & Koutek, B. 2012. Profiling and
characterization of volatile secretions from the European stink bug Graphosoma
lineatum (Heteroptera: Pentatomidae) by two-dimensional gas
chromatography/time-of-flight mass spectrometry. Journal of Chromatography B,
881, 69-75.
Sarno, R. J., Grigione, M. M., & Arvidson, L. D. 2008. Lack of response of an openhabitat ungulate to the presence of predator urine. Rev Chil Hist Nat, 81, 179-183.
Schaal, B., Coureaud, G., Langlois, D., Giniès, C., Sémon, E., & Perrier, G. 2003.
Chemical and behavioural characterization of the rabbit mammary pheromone.
Nature, 424(6944), 68-72.
Schaller, G. B., H. Jinchu, P. Wenshi, and Z. Jing. 1985. The giant pandas of wolong.
The University of Chicago Press, Chicago.
Schaller, G. B. 1994. The last panda. University of Chicago Press.
Schilling, A., Perret, M., & Predine, J. 1984. Sexual inhibition in a prosimian primate: a
pheromone-like effect. Journal of endocrinology, 102(2), 143-151.
Senger, P. L. 2012. Pathways to pregnancy and parturition. Redmond: Current
Conceptions.
Setkova, L., Risticevic, S., & Pawliszyn, J. 2007. Rapid headspace solid-phase
microextraction-gas chromatographic–time-of-flight mass spectrometric method
for qualitative profiling of ice wine volatile fraction: II: Classification of
Canadian and Czech ice wines using statistical evaluation of the data. Journal of
Chromatography A, 1147(2), 224-240.
Shaw, C. L., Rutter, J. E., Austin, A. L., Garvin, M. C., & Whelan, R. J. 2011. Volatile
and semivolatile compounds in gray catbird uropygial secretions vary with age
and between breeding and wintering grounds. Journal of chemical ecology, 37(4),
329-339.
Shorey, H. H. 1976. Animal communication by pheromones. Academic Press.
73

Singer, A.G., Macrides, R., Agosta, W.G. 1980. Chemical studies of hamster
reproductive pheromones. Chemical signals: vertebrates and aquatic invertebrates.
Plenum, New York. P 365-375.
Slade, B. E., Schulte, B. A., & Rasmussen, L. E. L. 2003. Oestrous state dynamics in
chemical communication by captive female Asian elephants. Animal behaviour,
65(4), 813 819.
Smith, T. E., Abbott, D. H., Tomlinson, A. J., & Mlotkiewicz, J. A. 1997. Differential
display of investigative behavior permits discrimination of scent signatures from
familiar and unfamiliar socially dominant female marmoset monkeys (Callithrix
jacchus). Journal of chemical ecology, 23(11), 2523-2546.
Smith, T. D., Garrett, E. C., Bhatnagar, K. P., Bonar, C. J., Bruening, A. E., Dennis, J. C.,
& Morrison, E. E. 2011. The vomeronasal organ of New World monkeys
(Platyrrhini). The anatomical record, 294(12), 2158-2178.
Snyder, R. J., Zhang, A. J., Zhang, Z. H., Li, G. H., Tian, Y. Z., Huang, X. M., & Maple,
T. L. 2003. Behavioral and developmental consequences of early rearing
experience for captive giant pandas (Ailuropoda melanoleuca). Journal of
Comparative Psychology, 117(3), 235.
Soini, H. A., Bruce, K. E., Wiesler, D., David, F., Sandra, P., & Novotny, M. V. 2005.
Stir bar sorptive extraction: a new quantitative and comprehensive sampling
technique for determination of chemical signal profiles from biological media.
Journal of chemical ecology, 31(2), 377-392.
Soini, H. A., Schrock, S. E., Bruce, K. E., Wiesler, D., Ketterson, E. D., & Novotny, M.
V. 2007. Seasonal variation in volatile compound profiles of preen gland
secretions of the dark-eyed junco (Junco hyemalis). Journal of chemical ecology,
33(1), 183-198.
Soini, H. A., Wiesler, D., Koyama, S., Féron, C., Baudoin, C., & Novotny, M. V. 2009.
Comparison of urinary scents of two related mouse species, Mus spicilegus and
Mus domesticus. Journal of chemical ecology, 35(5), 580-589.
Song, J., Gardner, B. D., Holland, J. F., & Beaudry, R. M. 1997. Rapid analysis of
volatile flavor compounds in apple fruit using SPME and GC/time-of-flight mass
spectrometry. Journal of Agricultural and Food Chemistry, 45(5), 1801-1807.
Song, J., Fan, L., & Beaudry, R. M. 1998. Application of solid phase microextraction and
gas chromatography/time-of-flight mass spectrometry for rapid analysis of flavor
volatiles in tomato and strawberry fruits. Journal of Agricultural and Food
Chemistry, 46(9), 3721-3726.
State Forestry Administration of China. 2015. Release of the fourth national survey report
on giant panda in China. State Forestry Administration, Beijing.
74

Swaisgood, R. R., D. G. Lindburg, and X. Zhou. 1999. Giant pandas discriminate
individual differences in conspecific scent. Animal Behaviour: 1045-1053.
Swaisgood, R.R., Lindburg, D.G., Zhou, X., and Owen, M.A. 2000. The effects of sex,
reproductive condition and context on discrimination of conspecific odours by
giant pandas. Animal behavior: 60, 227-237.
Swaisgood, R. R., D. G. Lindburg, and H. Zhang. 2002. Discrimination of oestrous status
in giant pandas (Ailuropoda melanoleuca) via chemical cues in urine. The
Zoological Society of London: 381-386.
Swaisgood, R. R., Zhou, X., Zhang, G., Lindburg, D. G., & Zhang, H. 2003. Application
of Behavioral Knowledge to Conservation in the Giant Panda. International
Journal of Comparative Psychology, 16(2), 65–84.
Swaisgood, R. R., Lindburg, D. G., White, A. M., Hemin, Z., & Xiaoping, Z. 2004.
Chemical communication in giant pandas. Giant pandas: biology and
conservation, 106-120.
Swaisgood, R., Wang, D. & Wei, F. 2016. Ailuropoda melanoleuca. The IUCN Red List
of Threatened Species 2016: e.T712A45033386. Downloaded on 08 September
2016.
Thibodeaux, L.J. 1996. Environmental Chemodynamics: Movement of Chemicals in Air,
Water, and Soil. New York, NY: John Wiley and Sons.
Tian, H., Wei, R. P., Zhang, G. Q., Sun, R. Y., & Liu, D. Z. 2007. Age differences in
behavioral responses of male giant pandas to chemosensory stimulation.
Zoological Research, 28(2), 134-140.
Tickell, W. L. N. 1962. The dove prion, Pachyptila desolata Gmelin.
Tobey, J. R., Nute, T. R., & Bercovitch, F. B. 2009. Age and seasonal changes in the
semiochemicals of the sternal gland secretions of male koalas (Phascolarctos
cinereus). Australian Journal of Zoology, 57(2), 111-118.
Van Damme, R., & Castilla, A. M. 1996. Chemosensory predator recognition in the
lizard Podarcis hispanica: Effects of predation pressure relaxation. Journal of
Chemical Ecology, 22(1), 13-22.
Vander Meer, R. K., Breed, M. D., Espelie, K. E., & Winston, M. L. 1998. Pheromone
communication in social insects. Ants, wasps, bees and termites. Westview,
Boulder, CO, 162.
Verrell, P. 1982. The sexual behaviour of the red-spotted newt, Notophthalmus
viridescens (Amphibia: Urodela: Salamandridae). Animal Behaviour, 30(4),
1224-1236.
75

Wada, M., Wingfield, J. C., & Gorbman, A. 1976. Correlation between blood level of
androgens and sexual behavior in male leopard frogs, Rana pipiens. General and
comparative endocrinology, 29(1), 72-77.
Walkowiak, W., & Brzoska, J. 1982. Significance of spectral and temporal call
parameters in the auditory communication of male grass frogs. Behavioral
Ecology and Sociobiology, 11(4), 247-252.
Wells, K. D., & Schwartz, J. J. 2007. The behavioral ecology of anuran communication.
In Hearing and sound communication in amphibians (pp. 44-86). Springer New
York.
White, P. J., Fischer, R. B., & Meunier, G. F. 1986. Female discrimination of male
dominance by urine odor cues in hamsters. Physiology and Behavior, 37(2), 273–
277.
White, A. M., Swaisgood, R. R., & Zhang, H. 2002. The highs and lows of chemical
communication in giant pandas (Ailuropoda melanoleuca): Effect of scent
deposition height on signal discrimination. Behavioral Ecology and Sociobiology,
51(6), 519-529.
White, A. M., Swaisgood, R. R., & Zhang, H. 2003. Chemical communication in the
giant panda (Ailuropoda melanoleuca): the role of age in the signaller and
assessor. Journal of Zoology, 259(259), 171–178.
White, A. M., Swaisgood, R. R., & Zhang, H. 2004. Urinary chemosignals in giant
pandas (Ailuropoda melanoleuca): seasonal and developmental effects on signal
discrimination. Journal of Zoology, 264(3), 231-238.
Whittaker, D. J., Soini, H. A., Atwell, J. W., Hollars, C., Novotny, M. V., & Ketterson, E.
D. 2010. Songbird chemosignals: volatile compounds in preen gland secretions
vary among individuals, sexes, and populations. Behavioral Ecology, 21(3), 608614.
Whitten, W. K. 1956. Modification of the oestrous cycle of the mouse by external stimuli
associated with the male. Journal of Endocrinology, 13(4), 399-404.
Wildt, D.E., Zhang, A., Zhang, H., Janssen, D.L., Ellis, S. 2006. Giant pandas: biology,
veterinary medicine and management. Cambridge University Press.
Williamson, L. N., & Bartlett, M. G. 2007. Quantitative gas chromatography/time‐of‐
flight mass spectrometry: a review. Biomedical Chromatography, 21(7), 664-669.
Wyatt, T. D. 2003. Pheromones and animal behaviour: communication by smell and
taste. Cambridge University Press.

76

Wyatt, T. D. 2010. Pheromones and signature mixtures: defining species-wide signals
and variable cues for identity in both invertebrates and vertebrates. Journal of
Comparative Physiology A, 196(10), 685-700.
Xu, X., Stee, L., Williams, J., Beens, J., Adahchour, M., Vreuls, R. J. J., & Lelieveld, J.
2003. Comprehensive two-dimensional gas chromatography (GC× GC)
measurements of volatile organic compounds in the atmosphere. Atmospheric
Chemistry and Physics, 3(3), 665-682.
Xu, M., Wang, Z., Liu, D., Wei, R., Zhang, G., Zhang, H., & Li, D. 2012. Cross-modal
signaling in giant pandas. Chinese Science Bulletin, 57(4), 344-348.
Yassaa, N., & Williams, J. 2007. Enantiomeric monoterpene emissions from natural and
damaged Scots pine in a boreal coniferous forest measured using solid-phase
microextraction and gas chromatography/mass spectrometry. Journal of
Chromatography A, 1141(1), 138-144.
Yasukawa, K. 2014. Animal behavior: how and why animals do the things they do. ABCCLIO, Santa Barbara, CA.
Yoneya, K., & Takabayashi, J. 2014. Plant–plant communication mediated by airborne
signals: ecological and plant physiological perspectives. Plant Biotechnology,
31(5), 409-416.
Yuan, H., Liu, D., Sun, L., Wei, R., Zhang, G., and Sun, R. 2004. Anogenital gland
secretions code for sex and age in the giant panda, Ailuropoda melanoleuca.
Canada Journal of Zoology: 82, 1596-1604.
Zhan, X., Li, M., Zhang, Z., Goossens, B., Chen, Y., Wang, H., & Wei, F. 2006.
Molecular censusing doubles giant panda population estimate in a key nature
reserve. Current Biology, 16(12), R451-R452.
Zhan, X., Tao, Y., Li, M., Zhang, Z., Goossens, B., Chen, Y., & Wei, F. 2009. Accurate
population size estimates are vital parameters for conserving the giant panda.
Ursus, 20(1), 56-62.
Zhang, Z., & Pawliszyn, J. (1993). Headspace solid-phase microextraction. Analytical
chemistry, 65(14), 1843-1852.
Zhang, P., Shao, G., Zhao, G., Le Master, D. C., Parker, G. R., Dunning, J. B., & Li, Q.
2000. China's forest policy for the 21st century. Science, 288(5474), 2135-2136.
Zhang, J. X., Zhang, Z. Bin, & Wang, Z. W. 2001. Scent, social status, and reproductive
condition in rat-like hamsters (Cricetulus triton). Physiology and Behavior, 74(4–
5), 415–420.

77

Zhang, G., Swaisgood, R. R., & Zhang, H. 2004. Evaluation of behavioral factors
influencing reproductive success and failure in captive giant pandas. Zoo Biology,
23(1), 15–31.
Zhang, J. X., Soini, H. A., Bruce, K. E., Wiesler, D., Woodley, S. K., Baum, M. J., &
Novotny, M. V. 2005. Putative chemosignals of the ferret (Mustela furo)
associated with individual and gender recognition. Chemical senses, 30(9), 727737.
Zhang, Z., Swaisgood, R. R., Wu, H., Li, M., Yong, Y., Hu, J., & Wei, F. 2007. Factors
predicting den use by maternal giant pandas. The Journal of Wildlife
Management, 71(8), 2694-2698.
Zhang, J., Dingzhen, L., Wei, L.S., Zhang, G., Wu, H., Zhang, H., and Zhao, C. 2008.
Potential chemosignals in the anogenital gland secretion of giant pandas,
Ailuropoda melanoleuca, associated with sex and individual identity. Journal of
chemical ecology, 34(3), 398-407.
Zhang, Z., Swaisgood, R. R., Zhang, S., Nordstrom, L. A., Wang, H., Gu, X., & Wei, F.
2011. Old-growth forest is what giant pandas really need. Biology Letters,
rsbl20101081.
Zhi, L., Wenshi, P., Xiaojian, Z., Dajun, W., & Hao, W. 2000. What has the panda taught
us?. Conservation biology series-Cambridge-, 325-334.
Zhu, L., Zhan, X., Wu, H. U. A., Zhang, S., Meng, T. A. O., Bruford, M. W., & Wei, F.
2010. Conservation implications of drastic reductions in the smallest and most
isolated populations of giant pandas. Conservation Biology, 24(5), 1299-1306.
Zhu, L., Zhang, S., Gu, X., & Wei, F. 2011. Significant genetic boundaries and spatial
dynamics of giant pandas occupying fragmented habitat across southwest China.
Molecular Ecology, 20(6), 1122-1132.
Zhu, X., Lindburg, D. G., Pan, W., Forney, K. A., & Wang, D. 2001. The reproductive
strategy of giant pandas (Ailuropoda melanoleuca): infant growth and
development and mother–infant relationships. Journal of Zoology, 253(2), 141155.
Zuri, I., Su, W., & Halpern, M. 2003. Conspecific odor investigation by gray short-tailed
opossums (Monodelphis domestica). Physiology and Behavior, 80(2–3), 225–232.

78

CHAPTER II
CHARACTERIZATION OF THE GIANT PANDA URINARY VOLATILE PROFILE
RELATIVE TO SEX AND SEASON
Abstract
The solitary giant panda (Ailuropoda melanoleuca) is thought to use chemical
cues in urine to identify mates and determine reproductive status. The goal of this study
was to identify differences in volatile compounds present in urine of captive giant pandas
relative to gender and season. We hypothesized that unique compounds would be
produced by males and females during the breeding season as volatile compounds in
urine are likely to facilitate communication. Urine samples were collected from Giant
Pandas housed at Memphis Zoo, Zoo Atlanta, Edinburgh Zoo, and Toronto Zoo (n=4
male, n=4 female). Urine samples were obtained during the March-June spring breeding
and August-January fall non-breeding seasons from 2012-2015. Urinary volatile
compounds were extracted using solid phase micro extraction (SPME) and analyzed by
gas chromatography mass spectrometry. 146 tentatively identified compounds occurred
in at least 10% of all samples per year, in at least one year from each institution, and
across all subjects within each collection period. The compounds can be organized into
20 functional group and structure classifications. Aromatic aldehydes, aliphatic cyclic
others, aliphatic acyclic alcohols, alkanes, and alkenes all were significantly greater with
respect to presence in male urine collected during the non-breeding season. Gender and
seasonal differences in the urinary volatile profile of giant pandas were evident. Male and
79

female urine shared 10 compounds that were only present during the breeding season
including, 2(5H)-Furanone; 2(5H)-Furanone, 5-methyl-; 2,3-Octanedione; 1,2Benzenedicarboxylic acid, diethyl ester; Phosphoric acid, tributyl ester; 1,4-Diphenybut3-ene-2-ol; Ethanol, 2-butoxy-; Furfural; Cyclobutene, 1,2,3,4-tetramethyl-,cis-; and
Furan, 2-pentyl-. The relative abundance of 8 compounds were increased in male urine
and 1 compound in female urine compared to the opposite sex. Eight compounds
occurred in greater relative abundance per creatinine concentration (mg/mL)-1 in male
urine during the breeding season compared to other collection periods. Given the
variability of compounds across gender and season, we suspect specific compounds may
be important in giant panda communication by signaling gender and sexual receptivity
during the breeding season.
Introduction
Substances excreted and dispensed by mammals, such as urine, feces, and gland
secretions, typically contain chemical cues that facilitate the transfer of specific
information about individuals to conspecifics (Karlsson and Luscher, 1959). Due to the
complex nature of mammalian social structures, it has been predicted that individuals
distinguish important traits about conspecifics such as identity, territory, kinship, and
reproductive status through chemical communication (Wyatt, 2003).
Chemical communication used by social carnivores is typically related to
maintaining social structure, while olfactory cues used by solitary carnivores are more
likely related to identifying and locating potential mates across large home ranges
(Gorman and Trowbridge, 1989). The use of urine in olfactory communication to identify
gender and determine reproductive status in conspecifics has been documented in wolves
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(Raymer et al., 1984), badgers (Brereton and Harris, 2001), free ranging dogs (Pal, 2003),
ferrets (Zhang et al., 2005; Cloe et al., 2004), and binturongs (Greene et al., 2016).
Within the ursidae family, olfactory communication related to reproduction is used to
identify individuals and sex (Rosell, 2011; Clapham, 2012; Hagey and Macdonald,
2003), and detect female estrus status (Gonzales et al., 2013; Swaisgood et al., 2000,
2002).
As a solitary species, giant pandas have been described to use olfactory
communication to transfer information to conspecifics (Schaller et al., 1985; Kleiman,
1983; Swaisgood et al., 1999). Giant pandas have largely been described to be monoestrus and females are only receptive during a brief period lasting one to three days
during the spring (Kleiman, 1983; Czekala et al., 2003). However, there is evidence for a
second fall estrus in some individuals (Gocinski et al., 2017; Kleiman et al., 1983;
Schaller et al., 1985). Male giant pandas will track a potential mate via female
vocalizations and chemical cues from ano-genital gland secretions and urine (Schaller at
al., 1985). Males are well known to also respond to females by emitting their own
chemical cues into the environment in order to communicate with females (Liu et al.,
2013; Zhang et al., 2008). Ano-genital gland secretions and the resulting scent marks
from females and males, therefore, have been speculated to supply information about sex
and age (Yuan et al., 2004), gender (Hagey and Macdonald, 2003), animal identity
(Swaisgood et al., 1999; Zhang et al., 2008). Urinary excretion has also been described to
play a role in olfactory communication in giant pandas for the identification of
reproductive maturity (White et al., 2003; Tian et al., 2007), estrus status, fertility, and
even activation of sexual motivation (Swaisgood et al., 2000, 2002). These studies,
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however, are largely focused on behavioral responses of giant pandas to ano-genital
secretions and urine rather than identification of the specific compounds eliciting the
response. Of the chemical analyses that were performed, studies mainly focused on anogenital gland secretions (Yuan et al., 2004, Zhang et al., 2008, Liu et al., 2006, Hagey
and MacDonald, 2003) and few studies have determined the potential pheromone
compounds in urine. Previous studies suggest urinary chemical cues are associated with
kinship (Liu et al., 2008), sex (Liu, 2013), and season (Liu, 2013; Dehnhard et al., 2005,
2006). Examining potential sex pheromones in urine has proven difficult due to a lack of
urine samples that can be collected during the breeding and non-breeding seasons, and in
particular during the estrous cycle (Liu et al., 2013; Dehnhard et al., 2005). Frequent
urine collection throughout the peri-estrual period is particularly important to assess acute
changes in the urinary volatile profile that may be related to sexual receptivity and
ovulation.
We hypothesized that different volatile compounds are produced by males and
females during the breeding and non-breeding seasons. To test this hypothesis, we
characterized the volatile profile in urine of 4 males and 4 females in 4 institutions during
both the breeding and non-breeding seasons. We predicted that a subset of the
compounds detected would be consistent among sex and season and therefore, indicate
candidate pheromones for giant pandas. Identification of specific chemical compounds in
giant panda urine will provide a better understanding of chemical communication in giant
pandas and may be used to improve estrus detection and natural mating in captive
breeding programs.
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Methods and Materials
Sample Collection
Urine samples were collected non-invasively from male and female giant pandas
housed at Memphis Zoo (Memphis, Tennessee, USA), Zoo Atlanta (Atlanta, Georgia,
USA), Edinburgh Zoo (Edinburgh, Scotland, United Kingdom) and Toronto Zoo
(Toronto, Ontario, Canada). All urine samples were obtained during the spring breeding
(March-June) and fall non-breeding seasons (August-January) from 2012-2016 (Table
2.1).
Table 2.1

Urine samples obtained from institutions across years

Institution
Memphis Zoo
Zoo Atlanta
Toronto Zoo

Edinburgh Zoo

Female
Breeding
2012(12)
2014(20)
2015(16)
2015(20)
2014(24)
2015(20)
2012(20)
2013(20)
2014(20)
2015(20)

Male

Non-breeding

Breeding

Non-breeding

2013(10)
2015(30)

2014(15)
2015(12)

2015(14)

2015(20)

2015(19)
2014(20)
2015(13)

2015(20)

2014(11)

2016(13)

2015(15)
2014(20)
2015(19)

2015(29)

Urine samples collected for urinary volatile analysis during 2012-2016 from Memphis
Zoo, Zoo Atlanta, Toronto Zoo, and Edinburgh Zoo. Numbers in parenthesis indicate the
number of samples analyzed for each year.
The breeding period was defined as the time when females undergo distinct vulval
changes, exhibited unique estrous behavior, and when hormonal changes indicate
impending ovulation (Kleiman et al., 1979; Kleiman, 1983; Czekala et al., 2003). Males
during the breeding season also underwent testicular enlargement and elevated
testosterone values indicative of prime breeding capability during the breeding season as
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previously described (Aiken-Palmer et al., 2012). Urine was collected from the floor of
indoor enclosures by use of a sterile syringe and transferred to a clean-labeled tube. Urine
collection was dependent on sample and keeper availability. The number of samples
collected from each institution is listed in Table 2.1. Care was taken to avoid collection of
fecal matter or debris. Urine samples were stored at -20⁰C as soon as possible after
collection. Samples remained frozen until thawed just prior to extraction.
Urinary Creatinine Assay
Creatinine concentration of giant panda urine samples was determined by using
the DetectX Urinary Creatinine Detection Kit (Arbor Assays, Ann Arbor, MI, USA).
Giant panda urine samples were thawed immediately before use and diluted 1:20 with
distilled water. A creatinine standard is provided with the kit and was used to generate a
standard curve to use to determine the concentration of creatinine in each sample. The
DetectX Creatinine Reagent was added to each well and the plate incubated for 30
minutes. The intensity of the color in each well was read at 490nm wavelength using a
SpectraMax Plus 384 plate reader. The concentration of creatinine mg/mL in each sample
was then calculated using the standard curve and corrected for the dilution factor.
Volatile Extraction
All samples were subjected to solid phase micro-extraction (SPME).
Each SPME fiber contained a polydimethylsiloxane (PDMS) coating with an 85 µm film
thickness (Supelco, Bellefonte, PA, USA). Prior to extraction, the SPME fiber was
conditioned at 250°C for a minimum of 30 minutes. An aliquot of 100 µL of thawed
urine was placed in a 10 mL crimp top auto-sampler vial (Supelco, Bellefonte, PA, USA).
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Sealed vials were placed onto a heating block maintained at 70°C to encourage
equilibration of volatile compounds in the headspace. Each SPME fiber was exposed to
the headspace (approximately 2 cm above the urine sample) for 2 hours. SPME fibers
were retracted and stored in glass vials at 4°C for an average of 9.7±2.3 days until the
adsorbed chemicals were analyzed by gas chromatography mass spectrometry (GC-MS).
Chromatographic Methods
Extracted volatile components adsorbed onto the fiber were analyzed using an
Agilent 7890B gas chromatograph (GC) (Agilent Technologies, Santa Clara, CA) at
Mississippi State Chemical Laboratory at Mississippi State University. Helium was used
as the carrier gas passing through an Agilent ultra-inert DB-5MS column (30 m x 0.25
mm) coupled with the Agilent 5977A mass selective detector (MSD). A split/split less
injector was used in split less mode at 300°C and the SPME fiber was allowed to desorb
for 40 minutes. The GC oven was kept at 60°C for 2 min, increased to 105°C at
15°C/minute, from 105 to 165°C at 10°C/minute, from 165 to 290°C at 5°C/minute and
then held at 290°C for 4 minutes. Electron impact ionization (EI) was achieved using the
Agilent 5977A MSD, with a scan range from 40-450 m/z and a scan rate of 3.5 scan/sec.
Instrument blanks (no injection) were run approximately every 10 urine samples in
addition to between sex and institution to prevent instrument contamination across
samples. SPME fibers that were placed into empty blank glass vials were used as
negative controls. Negative controls were examined on the GC-MSD every 10 urine
samples to identify any chromatographic peaks occurring from the fiber and/or glass vial
used for extraction. Any chromatographic peaks present in the blank glass vials were
subtracted as background from the urine sample results. Routine maintenance was
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performed on the GC-MSD according to guidelines listed in Agilent operating manuals
(including tuning the MSD and cleaning the ion source as needed) to ensure optimal
running order.
Chromatographic peaks were integrated and tentatively identified using Agilent
MassHunter Quantitative Analysis (for GC-MS) Workstation Software (Agilent
Technologies, Santa Clara, CA) in conjunction with the Wiley Registry of Mass Spectral
Data. The scan analysis parameters included peak filters which excluded m/z 28,
maintained a signal to noise ratio threshold of 3, and an extraction window of 0.3 left m/z
delta and 0.7 right m/z delta in atomic mass units. Chromatographic peaks were
integrated if the peak area was at least 5% of the largest peak in the total sample. A
library search was conducted with a minimum match factor of 30 and spectral matching
began at 30 m/z. The mass spectra of the GC peaks was matched with those in the Wiley
Registry 10th Edition/NIST 2012 Mass Spectral Library with a minimum match factor of
50 and at least 4 ions in component spectrum and a target retention time match tolerance
of 0.1 minutes. Authentic standards (Isovaleric acid, 2-Heptanone, Propionic Acid,
Valeraldehyde, alpha-pinene, Isobutyric acid, Hexanoic acid, Nonanal, Octanoic acid,
Methyl Salicylate, Indole, 2-Methoxy-4-Vinylphenol, Decanoic acid, Undecanoic acid,
Dodecanoic acid, 1-Iodoundecane, Octadecanoic acid, Hexadecanoic acid, Squalene
(Sigma-Aldrich Co.), and Civetone (Crescent Chemical Company)) were used to confirm
the tentative identification of select volatile compounds. Authentic standards were
subjected to the same extraction and analytical methods. Similar retention times and
fragmentation patters were used to confirm identification.
An internal standard was not used for the quantification of volatiles as we did not
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want to add chemicals to the urine sample. Giant panda urine samples are often received
in low quantity and addition of an internal standard would not be feasible in 100µL of
urine sample. Therefore, integrated peak areas from total ion chromatograms were used
to calculate the relative abundance of each compound. As the relative abundance depends
on the response detected by the instrument relative to the other compounds present in
each sample, the relative abundance of each compound was compared across different
samples, but different compounds were not compared within the same sample. The
response (peak area) for each compound will be different depending on its affinity for the
column, the gas chromatography method, and the detection parameters set in the mass
spectrometer. Therefore, changes in the relative abundance of one compound from
sample to sample were compared because the parameters remain the same, but changes in
different compounds within the same sample were not compared.
Data Evaluation
Initial compound identification resulted in an average of 360.615±85.850
compounds detected in female breeding urine (n=4), an average of 298.778±105.844
compounds detected in female non-breeding urine (n=4), an average of 380.825±109.904
compounds detected in male breeding season urine (n=4), and an average of
218.830±14.218 compounds detected in male non-breeding season urine (n=4) (Table
2.2).
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Table 2.2

Number of compounds detected in giant panda urine samples (± standard
deviation)
Female

Male

Institution
Memphis Zoo

Breeding

Non-breeding

Breeding

Non-breeding

Total Compounds
80MF
80MF and 10%

408.54±12.62
148.33±3.98
111.27±2.86

250.40±13.65
95.54±4.31
71.90±3.10

452.85±16.82
156.74±5.31
110.44±3.82

226.43±23.36
97.86±7.37
72.29±5.30

232.25±19.54
86.70±6.17
68.10±4.44

223.15±19.54
87.30±6.17
66.80±4.44

217.63±20.05
81.74±6.33
63.47±4.55

234.10±19.54
94.45±6.17
70.80±4.44

407.94±12.01
141.91±3.79
109.57±2.73

455.28±20.60
152.06±6.50
112.22±4.68

437.82±15.22
155.06±4.80
113.85±3.46

212.59±14.99
89.18±4.73
69.74±3.40

393.73±9.77
136.96±3.08
101.90±2.22

266.28±13.99
95.59±4.42
68.67±3.18

415.00±26.35
142.64±8.32
90.55±5.98

202.20±19.54
88.35±6.17
64.45±4.44

Zoo Atlanta
Total Compounds
80MF
80MF and 10%
Toronto Zoo
Total Compounds
80MF
80MF and 10%
Edinburgh Zoo
Total Compounds
80MF
80MF and 10%

Institution, seasonal, and gender differences in the number and standard error of
tentatively identified volatile compounds in giant panda urine. Methods to reduce the
number of compounds considered for statistical analysis included 80 match factor (MF)
and must occur in at least 10% of samples.

In order to accurately tentatively identify compounds, the ions present in the mass
spectra and the relative ratios of the ions to each other in each chromatographic peak
were required to match 80% of the known mass spectra of a compound present in the
Wiley Registry 10th Edition/NIST 2012 Mass Spectral Library (Hagey and MacDonald,
2003). We assumed that for a chemical to be important in interspecies communication of
gender and reproductive status, the compound would occur relatively frequently in the
samples available. Therefore, we chose to only consider volatile compounds that were
tentatively identified with at least an 80 match factor and occurred in at least 10% of
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samples. Although there is variation in the number of compounds present in samples at
each institution, volatile compounds related to sex and season should be maintained
across individuals. Therefore, each individual giant panda was treated as a replicate and
volatile compounds that occurred in at least one year from each institution and across all
subjects (n=4) within one collection period were considered for statistical analysis. A
collection period was defined as the time that urine samples were collected for each
gender. For example, one compound must occur across all four females during the
breeding season to be considered for statistical analysis; however, it may occur fewer
times or not at all in female non-breeding season urine, male breeding season urine, or
male non-breeding season urine. Using this cut-off allowed us to limit the number of
compounds that may appear in relation to individual identity, but that was not the aim of
this paper. Also, this cut-off allowed us to avoid compounds that may be present only due
to specific bear attributes such as specific diets at each institution. This criteria limited
our compound number from an average of 314.762±72.859 across both genders and
seasons (Table 2.2) to a total of 146 separate compounds. This method reduced the
number of compounds to consider while highlighting the compounds that are unique to a
specific gender and season.
Statistical Analysis
Detected compounds were characterized according to their prevalence and
relative abundance adjusted to creatinine (mg/mL)-1. The relative abundance (%) of each
compound was calculated by dividing the peak area of one compound by the sum of the
peak area of all the compounds detected in that sample ((peak area / total peak
area)*100). A minimum detection limit was set at 0.00001 as determined by ½ of the
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lowest relative abundance of any compound. To help with urine normalization, samples
with a creatinine concentration less than 0.1 mg/mL were removed from the analysis to
avoid greatly diluted samples that may artificially influence relative abundance values of
chemical compounds. The relative abundance of each compound per creatinine (mg/mL)1

response was calculated by dividing the relative abundance by concentrations of

creatinine. In a sense, samples were normalized twice, once by calculating the relative
abundance and secondly, by creatinine concentration. Volatile prevalence was
determined by assigning compounds with a 1 if they were present and a 0 if they were
absent.
To determine if compounds were candidate pheromones for giant panda
communication a two way cross classification analysis of variance (ANOVA) was
performed on each compound with respect to season and sex. Each compound was
considered an independent response variable and each animal considered to be replicates
(n=4 males and n=4 females). Means of prevalence and relative abundance adjusted for
creatinine (mg/mL)-1 of each compound were compared within each season and sex by
Fisher’s least significant difference (LSD) test with α=0.05. All statistics were conducted
using SAS 9.4 and all data are presented as mean ± standard deviation.
Results
Volatile Profile Composition of Giant Panda Urine
Volatile compounds from 469 giant panda urine samples were analyzed in order
to investigate differences relative to season and gender with respect to relative
abundance. Representative total ion chromatograms demonstrate qualitative differences
of male and female giant panda urine during the breeding and non-breeding seasons
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(Figure 2.1). The volatile profile of male and female giant pandas during the breeding
season appear to be different from the non-breeding season. Overall, female breeding
season chromatograms had an average of 360.615±85.850 compounds, while male
chromatograms had an average of 380.825±109.904 compounds. Female non-breeding
season chromatograms contained an average of 298.778±105.844 compounds, while male
chromatograms contained an average of 218.830±14.218 compounds (Table 2.2). The
peak area (counts*sec) of prominent compounds also appear to qualitatively decrease
during the non-breeding season compared to the breeding (Figure 2.1).
The 146 tentatively identified compounds with a match factor of 80 or greater
(Table 2.3) could be organized into 20 functional group and structure classifications.
Aromatic and aliphatic compounds were the general classifications which could be
further organized into ketones, esters, aldehydes, alkenes, benzene derivatives, and other.
Aliphatic compounds can be either cyclic or acyclic and these categories were further
broken down into similar functional group classifications as the aromatic compounds.
Acyclic aliphatic compounds represented the majority of the volatile profile at 47% of all
samples, while aromatic compounds only represented 30% of the volatile profile and
23% of the compounds were cyclic aliphatic compounds (Table 2.4). Within the subclassifications, the majority of the volatile profile is made of aliphatic cyclic ketones
which constitute 14% of the volatile profile and aromatic alcohols and aliphatic cyclic
alcohols make up the least amount of the profile at 0.68% (Table 2.4).
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Figure 2.1

Representative total ion chromatograms of giant panda urine

Total ion chromatograms from 1 to 22 minutes of male (a) breeding and (b) non-breeding
and female (c) breeding and (d) non-breeding season giant panda urine (enlarged to show
peaks of interest).
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Table 2.3

Tentatively identified compounds in giant panda urine

Aromatic
Ketone
1-propanone, 1-(2,3,3a,4,5,6,7,8-octahydro-1-azulenyl)4-(3-pyridyl)-1(2h)-phthalazinone
Acetophenone
Ethanone, 1-(1h-pyrrol-2-yl)Methanone, diphenyl-a
1h-pyrrole-2,5-dione, 3-ethyl-4-methylEster
1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester
1,2-benzenedicarboxylic acid, diethyl ester
Methyl salicylate
Phthalic acid, hex-3-yl isobutyl estera
Pyrido[1,2-a]azepine-6,7,8,9-tetracarboxylic acid, 10-(benzoyloxy)-6,7-dihydro-, tetramethyl
ester
Alcohol
2-methoxy-4-vinylphenol
Aldehyde
1h-pyrrole-2-carboxaldehydeb
1h-pyrrole-3-carboxaldehyde
3-furaldehydec
Benzaldehyde
Benzaldehyde, 4-methylAlkene
1-(2,4,6-trimethylphenyl)buta-1,3-diene
1, 1, 5-trimethyl-1, 2-dihydronaphthalene
1,2-dihydro-1,3-dimethyl-naphthalene
N-benzylidene-dimethylammonium chloride
Toluenea
Benzene derivative
1,2-di-tert-butylbenzene
2,3-dihydro-benzofuran
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Table 2.3 (continued)
Benzene, 1,3-bis(1,1-dimethylethyl)Benzene, ethenylBenzene, methylBenzeneacetic acid
Benzoic acid
Benzothiazolec
Dibutyl phthalate
Diethyl phthalate
Styrene
Other
(1h)-pyrroleb
1-(1,3-benzodioxol-5-yl)-n-(1,3-benzodioxol-4-ylmethyl)-n-methylpropan-2-amine
2,8-dibenzothiophenedicarbonitrile
2-amino-4-methyl-2-pentennitrileb
Pyrazine, methylAziridine, 2-methyl-2-(1-methylethyl)-3-phenyl-, cisHydrazine, 1,2-dimethyl3,3'-(1,1-Ethanediyl)bis(1H-indole)
Furan, 2-pentylFuran, 3-methyl2-chloro-4-[cyano(methoxy)(phenyl)methyl]-n-[cyano(phenyl)methylene]aniline n-oxidea
Aliphatic
Cyclic
Ketone
(4s)-4-methyl-2-oxolanone
2,6,6-trimethylcyclohex-2-ene-1,4-dione
2-buten-1-one, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-, (e)2-cyclohexene-1,4-dione, 2,6,6-trimethyl2h-pyran-2-one, tetrahydro-6-methyl2-piperidinonec
2-pyrrolidinone, 1-methyl3-mercapto-2(1h)-pyridinone
4-(2,6,6-trimethylcyclohexa-1,3-dienyl)but-3-en-2-one
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Table 2.3 (continued)
4-oxo-.alpha.-damascone
5-pentyl-2(5h)-furanone
(+)-(r)-5-ethyltetrahydrofuran-2-one
2(3h)-furanone, 5-ethyldihydro2(3h)-furanone, dihydro-5-methyl2(5h)-furanoneb
2(5h)-furanone, 5-ethyl-b
2(5h)-furanone, 5-methyl-b
9-cycloheptadecen-1-one, (z)-b
Butyrolactone
Megastigmatrienone
Megastigmatrienone 2
Alcohol
1-cyclobutylcyclopropanolb
Alkane
1,3-dioxolane, 2-cyclohexylCyclopentane, methylCyclopropane, 1,1-dibromo-2-chloro-2-fluoro-c
Cyclopropane, 1-ethenyl-2-(fluoromethyl)-, cisVitispirane
Alkene
1,4-cyclohexadiene, 1,6,6-trimethyl-3-methylene4-cyanocyclohexene
Cyclobutene, 1,2,3,4-tetramethyl-, cis-b
Other
Bicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-, [1s-(1.alpha.,2.alpha.,6.alpha.)]6-acetyl-1,2-o-ethylideneglucospyranoside
Tert-butyl(3-cyanomethyl-cyclohexa-1,4-dien-3-yl) methylphosphane-borane
Acyclic
Ketone
2,3-octanedione
2,5-hexanedione
1-cyano-2-methylbuten-3-one
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Table 2.3 (continued)
2-heptanone
2-heptanone, 6-methyl4-heptanonea
6-(3,3-dimethyl-oxiran-2-ylidene)-5,5-dimethyl-hex-3-en-2-one
6,8-nonadien-2-one, 6-methyl-5-(1-methylethylidene)7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione
Methyl isobutyl ketone
Ester
1-methoxy-2-propyl ester of acetic acid
2-methyl-propanoic acid, 2,2-dimethyl-1-(1-methylethyl)-1,3-propanediyl ester
3-methylheptyl acetatea
Acetic acid, 2-ethylhexyl ester
Acetic acid, 3-methylpentyl ester
Phosphoric acid, tributyl esterb
Tributyl phosphate
Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl estera
Alcohol
1,4-diphenylbut-3-ene-2-ol
11-methyldodecanol
1-octanol, 2-butyl1-octanol, 3,7-dimethyl2,4,7,9-tetramethyl-5-decyn-4,7-diol
5-.alpha.hydroperoxy-amorph-3-en-12-ol
Ethanol, 2-butoxyAldehyde
Decanala
Furfural
Heptanal
Hexanalc
Nonanal
Octanal
Pentanal
Propanal, 2-(4-ethoxyphenyl)-2-methyl-b
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Table 2.3 (continued)
Carboxylic acid
Nonanoic acid
Octanoic acid
Pentanoic acid
Alkane
(Methyldisulfanyl)methanec
Decanea
Decane, 2,3,5,8-tetramethylDecane, 4-methyleneDodecanea
Dodecane, 2,6,11-trimethylDodecane, 4,6-dimethylHeptane, 4-methylHexane
Methane, trichloroNonane, 2,6-dimethylNonane, 2-methyl-3-methyleneNonane, 4-methylPentane, 3-methyl-c
Undecaneb
Undecane, 3-methylUndecane, 4,8-dimethylUndecane, 4-methylAlkene
1-decene, 2,4-dimethyl1-nonene, 4,6,8-trimethyl-a
1-tetradecene
1-undecene, 7-methyl2,4-dimethyl-1-heptenec
4-decene, 7-methyl-, (e)Other
2-oxo-propionamideb
Formamide, n,n-dimethyl-
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Table 2.3 (continued)
Isocyanic acid
Urea, n,n-dimethylCis/trans-5-phenyl-2-tetrahydrofurylmethyl 2'-pyridyl sulfide
Disulfide, dimethyl
Ethyl (e)-1-penten-3-ynesulfonate
Methanethiol
N,n'-diallylsulfamide

Tentatively identified compounds with a library match factor greater than or equal to 80
in giant panda urine. 146 compounds occurred in at least 10% of all samples, in at least
one year from each institution, and across all subjects within one collection period.
Compounds are organized by functional group chemical classification (asignificant
season and sex interaction, bsignificant by season, csignificant by sex, p<0.05).
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Table 2.4

Mean presence of each compound classification (mean ± standard
deviation)

Compound Class

%

Breeding Season
Female

Aromatic

Non-Breeding Season
Male

Female

Male

30.1

b

Ketone

4.11

0.2562

±

0.1462

0.2982

±

0.1570

0.2161

±

0.1313

0.2309

±

0.1422

Ester

3.42

0.3184

±

0.1688

0.3422

±

0.1565

0.2949

±

0.1401

0.3133

±

0.1688

Alcohola

0.68

0.6766

±

0.4689

0.5111

±

0.5027

0.6441

±

0.4808

0.6747

±

0.4713

Aldehydea

3.42

0.4378

±

0.1827

0.3556

±

0.1690

0.4356

±

0.1707

0.5229

±

0.1587

3.42

0.2896

±

0.2235

0.2933

±

0.2145

0.3153

±

0.2210

0.3494

±

0.2436

7.53

0.3681

±

0.1291

0.3636

±

0.1234

0.2758

±

0.1146

0.3023

±

0.1197

7.53

0.2094

±

0.1312

0.2778

±

0.1379

0.1479

±

0.0986

0.1566

±

0.0956

Alkene
b

Benzene derivative
a

Other

Aliphatic
Cyclic

22.6

Ketoneb

14.38

0.2379

±

0.1801

0.2429

±

0.1874

0.1832

±

0.1400

0.1865

±

0.1145

Alcohol

b

0.68

0.0746

±

0.2634

0.1556

±

0.3645

0.0169

±

0.1296

0.0120

±

0.1098

b

3.42

0.3821

±

0.1868

0.3867

±

0.1984

0.2932

±

0.1880

0.3494

±

0.1763

b

2.05

0.2935

±

0.2485

0.2963

±

0.2203

0.3616

±

0.1827

0.3936

±

0.2218

Other

2.05

0.0895

±

0.1624

0.0704

±

0.1456

0.0791

±

0.1670

0.1365

±

0.2149

Acyclic

47.3

Ketoneb

6.85

0.4294

±

0.1352

0.4311

±

0.1260

0.3008

±

0.1337

0.2771

±

0.1097

5.48

0.1897

±

0.1244

0.1722

±

0.1319

0.2733

±

0.1265

0.2018

±

0.1048

4.79

0.1862

±

0.1032

0.1778

±

0.1077

0.1780

±

0.1397

0.2444

±

0.1082

5.48

0.5709

±

0.1657

0.5514

±

0.1622

0.4375

±

0.1925

0.3630

±

0.2016

Carboxylic acid

2.05

0.3499

±

0.2304

0.3037

±

0.2579

0.3700

±

0.2533

0.1887

±

0.1961

a

12.33

0.3248

±

0.2249

0.2907

±

0.2146

0.2783

±

0.1781

0.3962

±

0.1124

a

Alkene

4.11

0.2993

±

0.2463

0.2444

±

0.2476

0.3121

±

0.2647

0.4538

±

0.1988

Otherb

6.16

0.2598

±

0.1403

0.2667

±

0.1605

0.1092

±

0.0996

0.1057

±

0.0995

Alkane
Alkene
a

Estera
a

Alcohol

Aldehyde

c
a

Alkane

Mean presence of each compound classification for males and females (n=4) during each
season. (asignificant season and sex interaction, bsignificant by season, csignificant by
sex, p<0.05)
Prevalence of Volatile Compounds specific to Sex and Season
A two way cross classification analysis of variance of compound prevalence
indicated 9 compound classes that had a significant sex*season interaction, 8 classes that
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had a significant season effect and, one compound had a significant sex effect (Table
2.4). Interestingly, the majority of compounds with a significant sex*season interaction
occurred more frequently in male non-breeding season urine. Aromatic aldehydes,
aliphatic cyclic others, aliphatic acyclic alcohols, alkanes, and alkenes all were
significantly greater with respect to presence in male urine collected during the nonbreeding season (p<0.05). Aromatic alcohols, aldehydes, ketones and benzene
derivatives, aliphatic cyclic ketones, alcohols, and alkanes, and aliphatic acyclic ketones
and others were all greater during the breeding season (p<0.05). Only aliphatic acyclic
aldehydes were significantly greater in female urine when compared to male urine with
respect to presence (p<0.05).
Season by sex effects
The relative abundance per creatinine (mg/mL)-1 of 146 individual compounds
tentatively identified in giant panda urine was investigated for seasonal effects. Each
compound was compared across the 4 treatment groups, female breeding season (n=199
samples), female non-breeding season (n=112 samples), male breeding season (n=83
samples), and male non-breeding season (n=75 samples). An analysis of variance of the
mean relative abundance per creatinine concentration (mg/mL)-1 of the compound
classifications revealed 4 classes that showed a significant sex*season interaction.
Aromatic others, aliphatic cyclic alkenes, aliphatic acyclic aldehydes and others were
significantly greater in male breeding season urine with respect to relative abundance per
creatinine concentration (mg/mL)-1 when compared to the other collection periods
(p<0.05; Table 2.5). The analysis of individual compounds also demonstrated significant
season*sex interactions for 11 specific compounds (p<0.05; Figure 2.2).
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Table 2.5

Mean relative abundance normalized with creatinine concentration
(mg/mL)-1 (mean ± standard deviation)
Breeding Season

Compound Class

Female

Non-Breeding Season
Male

Female

Male

Aromatic
Ketoneb

0.0103

±

0.0570

0.0705

±

0.2615

0.0137

±

0.0722

0.0276

±

0.1500

Ester

0.0123

±

0.0257

0.0694

±

0.3769

0.0978

±

0.8931

0.0469

±

0.2659

Alcohol

0.0170

±

0.0426

0.0943

±

0.7435

0.1388

±

1.1880

0.0141

±

0.0174

Aldehydeb

0.0342

±

0.2169

0.2350

±

1.1249

0.0574

±

0.3333

0.1533

±

0.7345

Alkeneb

0.0188

±

0.1520

0.6615

±

3.7653

0.0299

±

0.1049

0.0719

±

0.5396

Benzene derivativeb

0.0204

±

0.1341

0.4821

±

4.0254

0.0307

±

0.1211

0.1203

±

0.6348

0.0061

±

0.0153

0.0858

±

0.4411

0.0147

±

0.0739

0.0106

±

0.0464

0.0036

±

0.0058

0.0551

±

0.4546

0.0096

±

0.0268

0.0121

±

0.0451

Alcohol

0.0017

±

0.0116

0.0095

±

0.0577

0.0001

±

0.0010

0.0002

±

0.0021

b

Alkane

0.0209

±

0.0600

2.2222

±

13.2150

0.0360

±

0.0763

0.5518

±

4.6435

Alkenea

0.0075

±

0.0166

0.8345

±

4.6942

0.0287

±

0.1004

0.0287

±

0.1306

Other

0.0013

±

0.0068

0.0011

±

0.0045

0.0007

±

0.0032

0.0803

±

0.7006

Ketoneb

0.0273

±

0.1561

0.3701

±

2.3694

0.0222

±

0.1005

0.0586

±

0.2779

Ester

0.0051

±

0.0383

0.0168

±

0.1016

0.0136

±

0.0301

0.0270

±

0.1022

0.0077

±

0.0382

0.1498

±

1.2040

0.0239

±

0.1589

0.0420

±

0.2345

Aldehyde

0.0412

±

0.2273

0.6072

±

2.7268

0.0384

±

0.1185

0.0755

±

0.3875

Carboxylic acid

0.0184

±

0.0374

0.0912

±

0.4467

0.3655

±

3.5330

0.1535

±

0.5157

b

Alkane

0.0135

±

0.0633

0.3294

±

1.5133

0.0336

±

0.1155

0.3270

±

2.5001

Alkeneb

0.0080

±

0.0169

0.0258

±

0.1477

0.0322

±

0.1869

0.1087

±

0.4512

Othera

0.0128

±

0.0231

0.2699

±

1.7162

0.1472

±

1.1477

0.0496
-1

±

0.1358

a

Other

Aliphatic
Cyclic
Ketone

Acyclic

Alcohol
a

Mean relative abundance normalized with creatinine concentration (mg/mL) of each
compound classification for males and females (n=4) during each season (asignificant
season and sex interaction, bsignificant by sex, p<0.05).
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Figure 2.2

Volatile compounds that differ by season and sex in giant panda urine

Relative abundance per creatinine concentration (mg/mL)-1 of volatile compounds that
differ by season and sex in giant panda urine (*p<0.05, **p<0.01). Compound
abbreviations are as follows: C23: 1-Nonene, 4,6,8-trimethyl-; C43: 2-chloro-4[cyano(methoxy)(phenyl)methyl]-N-[cyano(phenyl)methylene]aniline N-Oxide; C55: 3Methylheptyl acetate; C60: 4-Heptanone; C88: Decanal; C89: Decane; C95: Dodecane;
C115: Methanone, diphenyl-; C131: Phthalic acid, hex-3-yl isobutyl ester; C133:
Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester; C138:
Toluene.

The relative abundance per creatinine concentration (mg/mL)-1 of 7 compounds
was significantly greater in male breeding season urine when compared to all other
collection periods: 2-chloro-4-[cyano(methoxy)(phenyl)methyl]-N[cyano(phenyl)methylene]aniline N-Oxide; 4-Heptanone; Decanal; Decane; Dodecane;
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Methanone, diphenyl-; and toluene. The relative abundances of 1-Nonene, 4,6,8trimethyl-; 3-Methylheptyl acetate; and Phthalic acid, hex-3-yl isobutyl ester were
significantly greater in male non-breeding season urine compared to other collection
periods. The relative abundance of Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2methyl-1,3-propanediyl ester was significantly greater in female non-breeding season
urine compared to all other collection periods. No compound was identified that
significantly increased in relative abundance per creatinine concentration (mg/mL)-1 in
female breeding season urine.
Season Effects
Male and female urine shared 10 compounds that were only present during the
breeding season including, 2(5H)-Furanone; 2(5H)-Furanone, 5-methyl-; 2,3Octanedione; 1,2-Benzenedicarboxylic acid, diethyl ester; Phosphoric acid, tributyl ester;
1,4-Diphenybut-3-ene-2-ol; Ethanol, 2-butoxy-; Furfural; Cyclobutene, 1,2,3,4tetramethyl-,cis-; and Furan, 2-pentyl-. If compounds did not have a significant
sex*season interaction as a result of the two way cross classification analysis of variance,
the main effects of season and sex were analyzed separately. Season influences the
relative abundance of particular compounds. 13 compounds were significantly greater
with respect to relative abundance per creatinine concentration (mg/mL)-1 in breeding
season urine compared to non-breeding season urine: (1H)-pyrrole; 1Cyclobutylcyclopropanol; 1H-Pyrrole-2-carboxaldehyde; 2(5H)-Furanone; 2(5H)Furanone, 5-ethyl-; 2(5H)-Furanone, 5-methyl-; 2-Amino-4-methyl-2-pentennitrile; 2Oxo-propionamide; 9-Cycloheptadecen-1-one, (Z)-; Cyclobutene, 1,2,3,4-tetramethyl-,
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cis; Phosphoric acid, tributyl ester; Propanal, 2-(4-ethoxyphenyl)-2-methyl-; and
Undecane (p<0.05, Table 2.3, Figure 2.3).

Figure 2.3

Volatile compounds that differ by season in giant panda urine

Relative abundance per creatinine concentration (mg/mL)-1 of volatile compounds that
are greater in breeding season giant panda urine (*p<0.05, **p<0.01). Compound
abbreviations are as follows: C2: (1H)-pyrrole; C17: 1-Cyclobutylcyclopropanol; C20:
1H-Pyrrole-2-carboxaldehyde; C31: 2(5H)-Furanone; C32: 2(5H)-Furanone, 5-ethyl-;
C33: 2(5H)-Furanone, 5-methyl-; C41: 2-Amino-4-methyl-2-pentennitrile; C50: 2-oxopropionamide; C68: 9-Cycloheptadecen-1-one, (Z)-; C84: Cyclobutene, 1,2,3,4tetramethyl-, cis-; C130: Phosphoric acid, tributyl ester; C132: Propanal, 2-(4ethoxyphenyl)-2-methyl-; C140: Undecane.
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Sex Effects
Aromatic ketones, aldehydes, alkenes, benzene derivatives, aliphatic cyclic
alkanes, and aliphatic acyclic ketones, alkanes, and alkenes were all significantly greater
in male urine compared to female with respect to relative abundance normalized with
creatinine (mg/mL)-1 (p<0.05, Table 2.5). Differences across male and female means of
relative abundance per creatinine (mg/mL)-1 were demonstrated in 8 compounds.
(Methyldisulfanyl)methane; 2,4-Dimethyl-1-heptene; 3-Furaldehyde; Benzothiazole;
Cyclopropane, 1,1-dibromo-2-chloro-2-fluoro-; Hexanal; and Pentane, 3-methyl- were
significantly greater in male urine, while only 2-Piperidinone was significantly greater in
female urine (p<0.05, Figure 2.4).
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Figure 2.4

Volatile compounds that differ by sex in giant panda urine

Relative abundance per creatinine concentration (mg/mL)-1 of volatile compounds that
differ by sex in giant panda urine (*p<0.05, **p<0.01). Compound abbreviations are as
follows: C4: (Methyldisulfanyl)methane; C37: 2,4-Dimethyl-1-heptene; C51: 2Piperidinone; C53: 3-Furaldehyde; C80: Benzothiazole; C86: Cyclopropane, 1,1dibromo-2-chloro-2-fluoro-; C107: Hexanal; C128: Pentane, 3-methyl.

Discussion
Findings generated from this study indicated that the composition of volatile
compounds in giant panda urine is made up of acyclic aliphatic, aromatic, and cyclic
aliphatic compounds. 146 of the tentatively identified compounds with a match factor of
80 or greater occurred in at least 10% of all samples, in at least one year from each
institution, and across all subjects within one collection period. The presence and relative
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abundance per creatinine (mg/mL)-1 of individual compounds also varied according to
sex and season. Although volatile compounds have been identified in giant panda urine in
previous studies (Liu et al., 2008; Liu, 2013; Dehnhard et al., 2005, 2006), this is the first
study to identify compounds that differ across both sexes and both seasons and thus may
indicate unique pheromones used by giant pandas to signal sexual receptivity and
reproductive status.
The structure and molecular weight of organic compounds can affect the volatility
of components found in urine samples and thus influence the role that each compound
plays in signaling information. Acyclic aliphatic compounds represented the majority of
the urinary volatile profile at 47%, while aromatic compounds only represent 30% of the
volatile profile and 23% of the compounds are cyclic aliphatic compounds. Organic
compounds can either be aliphatic or aromatic. Aromatic compounds have at least two
double bonds that alternate with single bonds in a ring structure. This cyclic structure
contains resonance bonds that are incredibly stable and difficult to break apart compared
to other structures. In contrast, aliphatic compounds also contain cyclic and acyclic
structures; however, the cyclic structure is much less stable than an aromatic compound.
Aliphatic acyclic compounds can be open chain compounds (straight or branched) and do
not contain any ring structures. These bonds tend to be less stable and easily reactive. In
general, there is an inverse relationship between molecular weight and volatility. As the
molecular weight increases, the volatility will decrease. As the molecular weight
decreases and compounds become lighter, the volatility will increase as is the case for
aliphatic acyclic compounds. Therefore, inclusion of lower molecular weight compounds
in giant panda urine is consistent with a signaling method that dissipates fairly quickly
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compared to the more sustainable signals found in gland secretions. Aliphatic compounds
in urine; therefore, are likely used for more short term communication (Alberts, 1992).
The retained aromatic compounds that have a higher molecular weight allow for a more
sustained environmental signal that will last longer. In the case of the giant panda, only
during the breeding season do males and females typically cross paths (Schaller, 1985).
The urinary volatile profile contains a variety of compounds that would be suitable
candidates for signaling sexual receptivity and reproductive status.
Only four specific compounds were detected in this study as well as previous
studies, nonanoic acid (Liu et al., 2008; Liu, 2013), octanoic acid (Dehnhard et al., 2005,
2006), 2-methoxy-4-vinylphenol (Liu, 2013), and 9-cycloheptadecen-1-one, (z)(Dehnhard et al., 2005). The chemical profile of giant panda urine identified in this study
differs remarkably from previous studies (Liu et al., 2008; Liu, 2013; Dehnhard et al.,
2005, 2006). The overall volatile composition was similar between Liu et al., 2013 and
this study. Both detected ketones, phenols, alcohols, and fatty acids (Liu et al., 2013).
The different volatile composition of giant panda urine in this study compared to the
report by Liu et al., 2008 may have been due to the fact that compounds related to sex
and season were removed from their analysis because they were identifying compounds
related to kinship. Differences may also be a result of sampling, extraction method,
and/or analytical technology (Dehnhard et al., 2005, 2006; Liu et al., 2013).
In addition, the urinary chemical profile differs greatly from chemicals that have
been identified in anal gland secretions of giant pandas (Hagey and Macdonald, 2003,
Yuan et al., 2004, Zhang et al., 2008). Chemical profiles of anogenital gland secretions
supply information about sex and age (Yuan et al., 2004), gender and individuality
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(Hagey and Macdonald, 2003), and perhaps contain an “odor fingerprint” (Zhang et al.,
2008). Previous studies have identified compounds higher in molecular weight, such as
steroids and long-chain fatty acids (Yuan et al., 2004) and squalene (Zhang et al., 2008).
These compounds will persist longer in the environment as larger compounds tend to be
less volatile. Differences in the chemical profile of urine compared to anal gland
secretions indicates that different information is being signaled by these two methods.
Urinary compounds are small and highly volatile and could be signaling sexual
receptivity to conspecifics in the same area, while anal gland secretions are heavy and
less volatile, likely signaling more sustainable information, like territory.
The longer breeding season for males compared to females likely explains the
greater detection of volatile compounds between sexes. The timeframe that determined
the breeding season (March-June) and non-breeding season (August-January) collection
periods was similar to previous studies (Liu et al., 2013); however, non-breeding season
collections were completed in August, November, and December. Testosterone
concentration in male giant pandas slightly increases around mid-July and remains at
moderate levels until an increase occurring in late October (Aitken-Palmer et al., 2012).
Testosterone concentration has also been shown to increase at the start of the mating
season and peak during February (Macdonald et al., 2006) and overall remain elevated
from January through June (Kersey et al., 2010). Several reproductive characteristics
such as testes volume, androgen patterns, sperm density, and sexual behaviors occur 3-5
months prior to the spring months when females demonstrate estrus (Aitken-Palmer et al.,
2012). In addition, free-ranging male giant pandas scent mark and vocalize for a longer
period of time throughout the year in comparison to females (Schaller, 1985). Based on
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this information, it is likely that the male is sexually receptive for a longer period of time
than the female. This could be one reason for the increase of compounds significantly
different in male breeding season urine and in male urine in general. Male giant pandas
may need to signal more frequently and disseminate more information over a longer
period of time, whereas females are sexually receptive for a brief window of time and
may only have quick and more precise signals.
Results from this study indicate that there are differences in the relative
abundance per creatinine concentration (mg/mL)-1 of volatile compounds detected in
giant panda urine with respect to season. Seasonal changes in the chemical profile of
other mammalian species have been demonstrated in studies with white-tailed deer
(Miller et al., 1998, Jemiolo et al., 1995), red foxes (Bailey et al., 1980), and wolves
(Raymer et al., 1984). We identified 10 compounds that were breeding season specific:
2(5H)-Furanone; 2(5H)-Furanone, 5-methyl-; 2,3-Octanedione; 1,2-Benzenedicarboxylic
acid, diethyl ester; Phosphoric acid, tributyl ester; 1,4-Diphenybut-3-ene-2-ol; Ethanol, 2butoxy-; Furfural; Cyclobutene, 1,2,3,4-tetramethyl-,cis-; and Furan, 2-pentyl-. In
addition, seven compounds increased in relative abundance in male breeding season urine
compared to all other collection periods, suggesting that these compounds may play a
role in signaling sex and sexual receptivity. Within these specific compounds, few have
been noted in other studies. 4-Heptanone has been identified in the rat preputial gland and
urine (Zhang et al., 2008) and in male ferret urine (Zhang et al., 2005) as a male
pheromone that elicits female attraction. Pyrrole was identified in white tail deer
interdigital gland secretions as a signal for dominance (Gassett et al., 1996).
Reproductive behaviors increase during the spring breeding season in this species and the
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identified volatile compounds here may be associated with these behaviors. For example,
giant pandas increased in scent marking behavior in response to the playback of
vocalizations by individuals of the opposite sex in estrus (Xu et al., 2012). Therefore,
these results support the notion that chemical signals and more specifically the changes in
relative abundance of these particular compounds may supply information regarding
reproductive status to conspecifics.
The urinary volatile profile of giant pandas also appears to vary between male and
females. Sexual differences in the urinary volatile composition demonstrate the ability of
chemical signals to provide information regarding male and female identification, which
is useful when identifying potential mates. Sexual dimorphism in the urinary volatile
profile of several other mammalian species has been demonstrated, such as in the lion
(Andersen and Vulpius, 1999), red foxes (Jorgensen et al., 1978), and free ranging dogs
(Pal, 2003). There were 8 compounds where the relative abundance per creatinine
concentration (mg/mL)-1 significantly increased in male urine:
(Methyldisulfanyl)methane; 2,4-Dimethyl-1-heptene; 3-Furaldehyde; Benzothiazole;
Cyclopropane, 1,1-dibromo-2-chloro-2-fluoro-; Hexanal; and Pentane, 3-methyl.
Interestingly, the only compound we found to significantly increase in female urine
compared to male urine was 2-piperidinone. This compound was also identified in red
panda anal sac secretions (Wood et al., 2003) which use gland secretions, urine, and feces
to mark its territory (Roberts and Gittleman, 1984). Therefore, these results support the
notion that chemical signals and more specifically the changes in relative abundance of
these particular compounds may supply information regarding male-female identification
to conspecifics.
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Conclusions
Giant pandas can gather immense information regarding conspecific
identification (Swaisgood et al., 1999), sex and reproductive status (Swaisgood et al.,
2000, 2002), adulthood and age (White et al., 2003), and competition (White et al., 2002)
from olfactory communication. As giant panda populations become more fragmented and
isolated, research needs to focus on connecting these individuals. Understanding how
giant pandas utilize chemical communication across large landscapes can help
management use chemosensory cues to identify reproductive status of individuals. This
study has determined specific compounds that vary across season and sex in giant panda
urine. These compounds are likely signaling sex and reproductive status to conspecifics.
Undoubtably, chemical cues play a role in long distance communication for this
species. This study determined that giant panda urine contains different classes of
compounds that will volatilize at different rates to facilitate communicate across
landscapes. Future pheromone research also needs to focus on how giant pandas are able
to communicate across such fragmented landscapes. Identification of potential
chemosensory molecules in giant panda urine will also be useful in better understanding
giant panda chemical communication in captive breeding programs. Several studies
investigating the application of chemical communication in giant panda captive breeding
programs have provided substantial evidence for the use of olfactory cues to improve
natural mating conditions (Swaisgood et al., 2004, 2002, 2000). We can use this
information to better manage the reproduction of our captive populations by increasing
sexual motivation through exposure to potential pheromones.
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CHAPTER III
CHANGES IN VOLATILE COMPOSITION IN MALE AND FEMALE URINE
INDICATE PROESTRUS AND IMPENDING OVULATION
Abstract
Giant pandas, a solitary and mono-estrus species, are known to use chemical cues
in urine and scent marks to communicate to conspecifics during the breeding season.
Changes in hormonal and behavioral characteristics of captive giant pandas during the
estrous cycle have been used to identify ovulation; however, the role of urinary
pheromones to signal sexual receptivity and/or ovulation is unknown. The goal of this
study was to identify patterns or changes in the male and female urinary volatile profile
that correlate with physiological indications of estrus. We hypothesized that volatile
compounds produced by male and female giant pandas at the beginning of the estrous
cycle will differ with respect to relative abundance and presence compared to compounds
produced after estrogen concentrations in female urine return to baseline. Urine samples
were collected from giant pandas housed at Memphis Zoo, Zoo Atlanta, Edinburgh Zoo,
and Toronto Zoo (n=4 male, n=4 female). Urine samples were obtained during the
March-June spring breeding and Aug-Jan fall non-breeding seasons from 2012-2015.
Urinary volatile compounds were extracted using solid phase micro extraction and
analyzed by gas chromatography mass spectrometry. 1,4-diphenylbut-3-ene-2-ol; 1Cyclobutylcyclopropanol; 2(5H)-Furanone, 5-methyl-; 1-Propanone, 1-(2,3,3a,4,5,6,7,8octahydro-1-azulenyl)-; and acetic acid, 2-ethylhexyl ester significantly increased on
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specific days of the female estrous cycle in male breeding season urine, while 2(5H)Furanone, 5-ethyl-; 2-Buten-1-one, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-, (E)-; and
Decanal significantly increased in specific days of peri-estrual urine in female breeding
season urine. Specific compounds appear to vary consistently with the characteristic rise
in estrogen and possible indications of ovulation. Given the changes in abundance over
time, these compounds could be used to signal sexual receptivity and ovulation in giant
pandas.
Introduction
Volatile compounds play a vital role in mammalian communication (Wyatt,
2003); however, little is known regarding specific compounds that signal sexual
receptivity and/or ovulation. Identified compounds that appear to correlate with changes
in the physiological state of an individual may be indicative of a pheromone and thus
signal sexual receptivity and/or ovulation. Variation in the urinary volatile profile
according to reproductive state has been documented in several species (Ma and Klemm,
1997; Kumar et al., 2000; Jemiolo et al., 1995; Rajanarayanan and Archunan, 2011).
Several studies have reported that specific volatile compounds may only be present
during estrus, or that the concentrations of specific volatiles are greater during estrus than
outside of the breeding period. For example, urinary volatile compounds in female mice
have been reported to elicit male sexual behaviors, indicating that these chemical
compounds may serve as an attractant during the reproductive period. 1-iodo-2methyl
undecane (1I2MU) was identified solely in proestrus and estrous urine of female mice
and elicited attractive behavior from males (Achiraman & Archunan, 2006). In addition
to chemical cues in urine, vaginal secretions of female individuals in heat elicit male
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sexual responses and increased mounting behavior (Goodwin et al., 1979; Johnston,
1975, 1974). For example, female dogs contain methyl p-hydroxybenzoate, a compound
that increases mounting events in dogs (Goodwin et al., 1979), while a yet unknown
compound will elicit similar responses in golden hamsters (Johnston, 1975, 1974).
Giant pandas are a mono-estrus, solitary species that exhibit unique life history
traits (Schaller, 1985). During the spring breeding season, female giant pandas will enter
a brief estrus period lasting one to three days (Kleiman, 1983; Czekala et al., 2003). The
estrous cycle in female giant pandas typically contains approximately a 10 to 14 day
period of increasing estrogen concentration, resulting in a peak in estrogen levels, and
finally levels decline to baseline during ovulation (Czekala et al., 2003; Chaudhuri et al.,
1988; Hodges et al., 1984; Murata, 1986). In addition, an increase in follicular bioactive
follicle-stimulating hormone (FSH) typically occurs about 10 days prior to the peak in
both FSH and estrogen concentrations (Monfort et al., 1989). During the breeding season,
both male and female giant pandas are thought to use chemical cues in urine to
communicate sex and reproductive status (Swaisgood et al., 2000, 2002). Specific
volatile compounds in female giant panda urine may be associated with an increase in
estrogen concentration during estrus (Dehnhard et al., 2005); however, the role of these
compounds as pheromones remains undetermined. The relationship between hormonal
changes and behavioral signs of estrus can be beneficial as an indicator of estrus in this
species and have been used to determine appropriate timing of animal introductions for
natural mating and artificial inseminations (Bonney et al., 1982; Kleiman et al., 1979).
Successful breeding events, whether natural or artificial, occur 1-2 days after estrogen
concentrations have reached their maximum (Czekala et al., 2003). Incorporating changes
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in the urinary volatile profile with hormonal and behavioral signs of estrus may aid in
identifying estrus, ovulation and improve the timing of artificial inseminations and
breeding introductions.
This study aims to identify patterns or changes in the male and female urinary
volatile profile that correlate with physiological indications of estrus. A subset of
compounds is anticipated to be associated with the characteristic increase in estrogen
concentration in female urine during the estrous cycle. We hypothesized that volatile
compounds produced by male and female giant pandas at the start of the estrous cycle (14
days prior to ovulation) will differ compared to compounds produced at ovulation (Day
0). To test this hypothesis, our objective was to identify differences in the presence and
relative abundance of compounds over time during the estrous cycle. Identification of
specific chemical compounds in giant panda urine that are present at differing times of
the estrous cycle will provide evidence for which compounds may be acting as sex
pheromones. While volatile compounds in giant panda urine have been detected, this is
the first study to our knowledge to identify changes in specific compounds during the
estrous cycle.
Methods and Materials
Sample Collection
Urine samples were collected non-invasively from male and female giant pandas
housed at Memphis Zoo (Memphis, Tennessee, USA), Zoo Atlanta (Atlanta, Georgia,
USA), Edinburgh Zoo (Edinburgh, Scotland, United Kingdom) and Toronto Zoo
(Toronto, Ontario, Canada). All urine samples were obtained during the spring breeding
(March-June) season from 2012-2016 (Table 3.1).
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Table 3.1

Urine samples obtained from institutions across years
Institution

Female

Male

Memphis Zoo

2012(12)
2014(20)
2015(16)

2014(15)
2015(12)

Zoo Atlanta

2015(20)

2015(19)

2014(24)
2015(20)
2012(20)
2013(20)
2014(20)
2015(20)

2014(20)
2015(13)

Toronto Zoo

Edinburgh Zoo

2014(11)

Urine samples collected for urinary volatile analysis during 2012-2016 breeding seasons
from Memphis Zoo, Zoo Atlanta, Toronto Zoo, and Edinburgh Zoo. Numbers in
parenthesis indicate the number of samples analyzed for each year.
The breeding period was determined by a distinct change in the vulva, female
estrus behavior, and/or when changes in estrogen levels were observed at each institution
as previously described (Kleiman et al., 1979; Kleiman, 1983; Czekala et al., 2003).
Urine was collected from both male and female giant pandas approximately 14 days prior
to ovulation until 14 days post ovulation. Daily urine collections began when the female
giant panda demonstrated estrus behavior and estrogen concentrations increased to twice
that of baseline levels. Ovulation was identified by baseline estrogen concentrations and
consequent increase in progesterone. Urine collections continued 14 days after that date
to ensure adequate sampling throughout the estrous cycle. Variation among the length of
estrous cycles for each female resulted in a different number of samples collected, but all
collections sufficiently represented the entire cycle by associating urine samples with
changes in estrogen concentration. Urine collection was dependent on sample and keeper
availability. Urine was collected from the floor of indoor enclosures by use of a sterile
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syringe and transferred to a clean-labeled tube. Care was taken to avoid collection of
fecal matter or debris. Urine samples were stored at -20°C as soon as possible after
collection.
Sample Analysis
All samples were subjected to solid phase micro-extraction (SPME). Prior to
extraction, the fiber was conditioned at 250°C for a minimum of 30 minutes. An aliquot
of 100 µL of thawed urine was placed in a 10 mL crimp top auto-sampler vial (Supelco,
Bellefonte, PA, USA). Sealed vials were placed onto a heating block maintained at 70°C
to encourage equilibration of volatile compounds in the headspace. A SPME fiber
containing a polydimethylsiloxane (PDMS) coating with an 85 µm film thickness
(Supelco, Bellefonte, PA, USA) was exposed to the headspace (approximately 2 cm
above the urine sample) for 2 hours. SPME fibers were retracted and stored in glass vials
at 4°C for an average of 9.72±2.25 days until the adsorbed chemicals were analyzed by
GC-MS.
Chromatographic Methods
Extracted volatile components adsorbed onto the fiber were analyzed using an
Agilent 7890B gas chromatograph (GC) (Agilent Technologies, Santa Clara, CA) with
helium as a carrier gas passing through an Agilent ultra-inert DB-5MS column (30 m x
0.25 mm) coupled with the Agilent 5977A mass selective detector (MSD). A split/split
less injector was used in split less mode at 300°C and the SPME fiber was allowed to
desorb for 40 minutes. The GC oven was kept at 60°C for 2 min, increased to 105°C at
15°C/minute, from 105 to 165°C at 10°C/minute, from 165 to 290°C at 5°C/minute and
then held at 290°C for 4 minutes. Electron impact ionization (EI) was achieved using the
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Agilent 5977A MSD, with a scan range from 40-450 m/z and a scan rate of 3.5 scan/sec.
Instrument blanks (no injection) were run approximately every 10 urine samples in
addition to between sex and institution to prevent instrument contamination across
samples. Empty glass vials underwent solid phase micro extraction concurrent with about
every 10 urine samples to identify any chromatographic peaks occurring from the fiber
and/or glass vial used for extraction. Routine maintenance was performed on the GCMSD according to guidelines listed in Agilent operating manuals (including tuning the
MSD and cleaning the ion source as needed) to ensure optimal running order.
Chromatographic peaks were integrated and tentatively identified using Agilent
MassHunter Quantitative Analysis (for GC-MS) Workstation Software (Agilent
Technologies, Santa Clara, CA) in conjunction with the Wiley Registry 10th
Edition/NIST 2012 Mass Spectral Library. Integrated peak areas from total ion
chromatograms were used to calculate the relative abundance of each compound. The
relative abundance of each compound was compared across different samples, but
different compounds were not compared within the same sample.
Data Evaluation
Volatile compounds in giant panda urine were identified as performed in our
previous study (Chapter II). 146 tentatively identified compounds with a match factor of
80 or greater occurred in at least 10% of all samples, in at least one year from each
institution, and across all subjects within one collection period. These compounds were
assessed for changes in male and female giant panda urine relative to the female estrous
cycle. Volatile compounds that occurred in at least one year from each institution and
across all subjects (n=4 male and n=4 female) within one collection period were
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considered for statistical analysis. This method reduced the number of compounds to
consider while highlighting the compounds that are unique to a specific gender and
season. Urine samples collected from male and female giant pandas during the MarchJune breeding season were considered for statistical analysis.
Statistical Analysis
Compounds taken into consideration for statistical analysis were present in 10%
of samples and across all institutions. The relative abundance (%) of each compound was
calculated by dividing the peak area of one compound by the sum of the peak area of all
the compounds in that sample ((peak area / total peak area)*100). To help with urine
normalization, samples with a creatinine concentration less than 0.1 mg/mL were
removed from the analysis to avoid greatly diluted samples that may artificially influence
relative abundance values of chemical compounds. The relative abundance value for each
compound was divided by the creatinine concentration of that urine sample, resulting in a
relative abundance per creatinine (mg/mL)-1 response. In a sense, samples were
normalized twice, once by calculating the relative abundance and secondly, by creatinine
concentration. Both changes in the volatile composition and relative abundance were
assessed. Statistical analyses were performed separately for males (n=75 samples) and
females (n=183 samples). Samples were treated on a timeline scale where Day 0 is
defined as the date estrogen concentration in female urine returns to baseline and is also
the presumed date of ovulation. Urine samples that were collected from male and female
giant pandas 17 days prior to ovulation through 13 days post ovulation in the female
breeding partner were considered for analysis, resulting in 31 samples per individual, 10
estrous cycles with corresponding female urine samples and 6 estrous cycles with
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corresponding male urine. Therefore, each individual and estrous cycle was used as a
replicate. Each compound was considered an individual response variable and was
compared among the days of the estrous cycle respective to Day 0. Compounds were not
compared to each other, and only the magnitude in which the relative abundance per
creatinine concentration (mg/mL)-1 changed over time was compared. A one-way
analysis of variance (ANOVA) was performed on each compound to investigate
differences in relative abundance per creatinine concentration (mg/mL)-1 on specific days
of the estrous cycle. Means were separated by Fisher’s least significant difference (LSD)
test with α=0.05. All statistics were conducted using SAS 9.4 and all data are presented
as mean ± standard deviation.
Results
Overall Volatile Profile
Volatile compounds from 158 giant panda urine samples were analyzed in order
to investigate differences relative to the specific days of the peri-estrual period with
respect to relative abundance per creatinine concentration (mg/mL)-1. Representative total
ion chromatograms demonstrate qualitative differences between specific days of the
estrous cycle in female urine. Day 0 is the presumed date of ovulation as defined by a
return of estrogen concentration to baseline in female giant panda urine. Total ion
chromatograms indicated that Day 0 was characterized by a greater number of
compounds when viewed qualitatively (Figure 3.1B) compared to several days prior (Day
-17) to and post ovulation (Day 13; Figure 3.1). In addition the peak area (counts*sec) of
prominent compounds were qualitatively lower in urine samples collected 17 days prior
to ovulation and 13 days after ovulation (Figure 3.1). Lastly, there were differences in the
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presence of specific compounds across the days of the estrous cycle. In particular, Day 0
urine contains compounds from 13-18 minutes that are absent in the other samples
(Figure 3.1). Similar differences were demonstrated in male urine samples.

Figure 3.1

Representative total ion chromatograms for selected days of estrous cycle
in female (Studbook #507) urine

Representative total ion chromatograms of female urine collected 17 days prior to
ovulation (Day -17; A), on the date of presumed ovulation (Day 0; B), and 13 days after
ovulation occurred (Day 13; C).
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Males
The relative abundance per creatinine concentration (mg/mL)-1 of 146 individual
compounds tentatively identified in giant panda urine was investigated to determine
changes in the volatile profile during the estrous cycle. Our previous study (Chapter II)
identified specific compounds related to seasonal and sex effects in giant panda urine.
Each compound was compared across 31 different days of the estrous cycle, from 17
days prior to ovulation to 13 days after ovulation occurred in the female giant panda.
Urine collected from males during the March-June breeding season (n=75 samples) was
grouped by the day it was collected relative to the estrogen concentration of the female
breeding partner. An analysis of variance of the mean relative abundance per creatinine
concentration (mg/mL)-1 during the estrous cycle revealed 5 compounds that significantly
increased on a specific day of the estrous cycle compared to the other days of the cycle
(p<0.05). 1,4-diphenylbut-3-ene-2-ol; 1-Cyclobutylcyclopropanol; 2(5H)-Furanone, 5methyl-; 1-Propanone, 1-(2,3,3a,4,5,6,7,8-octahydro-1-azulenyl)-; and acetic acid, 2ethylhexyl ester demonstrated significant differences in specific days of estrous cycle
urine with respect to relative abundance per creatinine concentration (mg/mL)-1 (Figure
3.2; p<0.05). 1,4-diphenylbut-3-ene-2-ol; 1-Cyclobutylcyclopropanol; and 2(5H)Furanone, 5-methyl- was highest approximately 12 to 13 days prior to ovulation (Figure
3.2A-C). 1-Propanone, 1-(2,3,3a,4,5,6,7,8-octahydro-1-azulenyl)- and acetic acid, 2ethylhexyl ester was highest one day prior to ovulation (Figure 3.2D-E).
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Figure 3.2

Compounds in male giant panda urine relative to female estrous cycle

Relative abundance per creatinine concentration (mg/mL)-1 of specific compounds found
to be significantly different over time in male urine (*p<0.05) relative to female breeding
partner estrous cycle. Day 0 is the date estrogen concentration returns to baseline and
thus the presumed date of ovulation in females.
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Females
The relative abundance per creatinine concentration (mg/mL)-1 of 146 individual
compounds tentatively identified in giant panda urine was investigated to determine
changes in the volatile profile during the estrous cycle. Our previous study (Chapter II)
identified specific compounds related to seasonal and sex effects in giant panda urine.
Each compound was compared across 31 different days of the estrous cycle, from 17
days prior to ovulation to 13 days after ovulation occurred in the female giant panda.
Urine collected from females during the March-June breeding season (n=183 samples)
was grouped by the day it was collected relative to the female estrogen concentration. An
analysis of variance of the mean relative abundance per creatinine concentration
(mg/mL)-1 of specific days of the estrous cycle revealed 3 compounds that significantly
increased on a specific day of the estrous cycle compared to the other days of the cycle
(p<0.05). 2(5H)-Furanone, 5-ethyl-; 2-Buten-1-one, 1-(2,6,6-trimethyl-1,3cyclohexadien-1-yl)-, (E)-; and Decanal demonstrated significant differences in specific
days of peri-estrual urine with respect to relative abundance per creatinine concentration
(mg/mL)-1 (Figure 3.3; p<0.05). 2(5H)-Furanone, 5-ethyl- and 2-Buten-1-one, 1-(2,6,6trimethyl-1,3-cyclohexadien-1-yl)-, (E)- increased approximately 16 to 12 days prior to
ovulation (Figure 3.3A-B). Decanal increased one day prior to ovulation (Figure 3.3C).
Decanal increased in Day -1 urine (Figure 3.4B) compared to Day -17 and Day 13 urine
samples (Figure 3.4A and C).
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Figure 3.3

Compounds across estrous cycle in female giant panda urine

Relative abundance per creatinine concentration (mg/mL)-1 of specific compounds found
to be significantly different over time during the estrous cycle in female urine (*p<0.05).
Day 0 is the date estrogen concentration returns to baseline and thus the presumed date of
ovulation in female.
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Figure 3.4

Decanal present in female urine during peri-estrual period

Representative total ion chromatograms of female peri-estrual urine samples collected on
17 days prior to ovulation (Day -17; A), one day prior to ovulation (Day -1; B), and 13
days post ovulation (Day 13; C). Decanal increases in Day -1 urine compared to the other
days (blue box; 7.9 min). Chromatograms are enlarged to show peaks of interest. The
blue inlaid box in B shows decanal overlaid in the three total ion chromatograms (Day -1:
red, Day -17: black, Day 13: green).
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Discussion
Findings generated from this study indicated that the giant panda urinary volatile
profile in males and females differs during the estrous cycle. 146 tentatively identified
compounds with a match factor of 80 or greater that occurred in at least 10% of all
samples, in at least one year from each institution, and across all subjects within one
collection period were identified in our previous study (Chapter II). Within these 146
compounds, this study indicated that 5 compounds in males and 3 compounds in females
were elevated on specific days of the estrous cycle. The greatest increase in compound
relative abundance occurred approximately two weeks prior to ovulation and one day
prior to ovulation. These time points correspond to the period when FSH is secreted and
estrogen levels begin to rise and peak, indicating impending ovulation (Monfort et al.,
1989; Czekala et al., 2003). Volatile compounds have been identified in giant panda urine
by several previous studies (Liu et al., 2008; Liu, 2013; Dehnhard et al., 2005, 2006);
however, this is the first study to identify compounds that increase on specific days of the
estrous cycle. Here, we demonstrate that giant panda urine contains specific compounds
related to physiological indications of estrus and indicate that females are likely using
these compounds to signal sexual receptivity and impending ovulation. Changes in male
volatile compounds indicate a physiological response to compounds excreted by females
as well as likely changes in behavioral cues.
Overall Volatile Profile
There appear to be both qualitative and quantitative differences in the volatile
profile of giant panda urine during the breeding season. In particular, specific days of the
estrous cycle contain volatile compounds that change in relative abundance per creatinine
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concentration (mg/mL)-1. Qualitatively, compounds present in urinary chromatograms
follow the same pattern as the characteristic rise in estrogen concentration in female giant
panda urine. The association between endocrinology and volatile compounds has been
established in multiple mammalian species (Raymer et al., 1986; Jemiolo et al., 1995;
Schwende et al., 1986; Boyer et al., 1989; Achiraman and Archunan, 2005). For example,
the wolves will secrete different chemical constituents in urine upon administration of
reproductive hormones to individuals that have been castrated or ovarectamized (Raymer
et al., 1986). Similarly, estrogen implants initiated increased levels of specific
compounds in pine vole urine (Boyer et al., 1989). This relationship can be used to better
understand how physiological changes in male and female giant pandas affect volatile
compounds produced during the breeding season.
Sex Effects
This study contributes to our understanding of chemical communication of giant
pandas, specifically during the peri-estrual period. It is not surprising that males indicated
variations in volatile composition in relation to days of the estrous cycle as males are well
known to communicate sexual status by scent marking (Schaller et al., 1985). The
reproductive characteristics of male giant pandas such as testosterone concentration,
increase several months prior to female sexual receptivity (Aitken-Palmer et al., 2012),
and male giant pandas perform reproductive behaviors such as scent marking more
frequently and for a longer duration throughout the year compared to female giant pandas
(Schaller, 1985). However, the specific compounds that are excreted during the period
prior to ovulation have not previously been reported.
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The use of urine for olfactory communication has been demonstrated through a
series of behavior studies indicating urine plays an important role in communicating
estrus status, advertising fertility, activating sexual motivation (Swaisgood et al., 2000,
2002), and identifying reproductive maturity (White et al., 2003; Tian et al., 2007). Both
ano-genital gland secretions and urine appear to play a role in giant panda chemical
communication. Male giant pandas will track a potential mate via vocalizations and
chemical cues in ano-genital gland secretions and urine (Schaller at al., 1985).
Information regarding sex and age (Yuan et al., 2004), gender and individuality (Hagey
and Macdonald, 2003), and individual chemical signatures (Swaisgood et al., 1999;
Zhang et al., 2008) can be gathered from ano-genital gland secretions and the resulting
scent marks.
1,4-diphenylbut-3-ene-2-ol; 1-Cyclobutylcyclopropanol; 2(5H)-Furanone, 5methyl-; 1-Propanone, 1-(2,3,3a,4,5,6,7,8-octahydro-1-azulenyl)-; and acetic acid, 2ethylhexyl ester significantly increased on specific days of the estrous cycle in male giant
panda urine. 1,4-diphenylbut-3-ene-2-ol; 1-Cyclobutylcyclopropanol; and 2(5H)Furanone, 5-methyl- increased approximately 12 to 13 days prior to ovulation and 1Propanone, 1-(2,3,3a,4,5,6,7,8-octahydro-1-azulenyl)- and acetic acid, 2-ethylhexyl ester
increased one day prior to ovulation. In addition, 1-Cyclobutylcyclopropanol and 2(5H)Furanone, 5-methyl- were significantly greater in breeding season urine with respect to
relative abundance per creatinine concentration (mg/mL)-1 in our previous study (Chapter
II). Due to their changes in relative abundance within the estrous cycle, these compounds
may be related to sexual receptivity in males or in response to female chemosensory cues.
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Scent marking behavior in females has been found to increase approximately 13
days prior to ovulation and finally decline to baseline by one day after ovulation
(Lindburg et al., 2001). There have also been reports of females exhibiting increased
scent marking behavior and urination 6 days prior to the peak in estrogen concentration.
While scent marking behavior decreases after the estrogen peak, increased urination
continues for 3 days post peak estrogen; however, the highest percent of females
exhibited both behaviors coinciding with the date of peak estrogen (McGeehan et al.,
2002). 2(5H)-Furanone, 5-ethyl- and 2-Buten-1-one, 1-(2,6,6-trimethyl-1,3cyclohexadien-1-yl)- (E)- increased approximately 16 to 12 days prior to ovulation and
Decanal increased one day prior to ovulation in female urine. In addition, 2(5H)Furanone, 5-ethyl- was significantly greater in breeding season urine with respect to
relative abundance per creatinine concentration (mg/mL)-1 in our previous study (Chapter
II). The increase in specific compounds correlates with scent marking and urination
behaviors performed by females during the breeding season. Scent marking behavior has
also been seen to increase in conjunction with an increase in the relative abundance of
particular volatile compounds. Scent marking behavior increases 6-13 days prior to
ovulation (Lindburg et al., 2001), this is also when we see an increase in specific volatile
compounds in female urine. In addition, the urinary volatile profile of one female giant
panda demonstrated an increase in medium chain fatty acids, octanoic, nonanoic, and
decanoic acid, 8 days prior to the peak in estrogen concentration (Dehnhard et al., 2005).
Based on this information, we were able to provide evidence supporting our hypothesis
that volatile compounds produced by male and female giant pandas differ across the
specific days of the estrous cycle.
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Conclusions
This study has described 8 compounds that increase in male and female giant
panda urine during specific days of the estrous cycle. These compounds are likely
signaling sexual receptivity and/or ovulation to conspecifics. This data supports the use
of olfactory cues in giant panda captive breeding programs to improve natural mating
conditions and improve reproductive success of captive populations. Our data suggests
that changes in volatile composition correspond to increased concentrations of FSH,
estrogens, and impending ovulation. Chemical cues excreted in urine may be a result of
hormonal control and/or solely accompanied by physiological changes. By correlating
changes in endocrinology with changes in the volatile profile, managers can identify the
female reproductive cycle and determine peak sexual receptivity. Pairing potential
pheromones with biological activity, such as an increase in estrogen concentrations, will
help to identify specific volatile compounds that are used to signal sexual receptivity
and/or indicate ovulation. The precise timing of artificial inseminations may be improved
with the help of chemical cues identified in urine prior to ovulation. This study suggests
that males are able to respond to peri-estrual urine by the production of specific chemical
compounds. Compounds that elicit behavioral and physiological responses could be
rendered as sex pheromones. Expermental trials of male responses to female estrus urine
are described in Chapter V. These compounds would be useful in managing both captive
and free-ranging populations of giant pandas through the identification of reproductive
status, timing of breeding introductions and artificial inseminations, and improving the
natural mating environment in captivity.
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CHAPTER IV
IMPLEMENTING SOLID PHASE MICROEXTRACTION AS A TOOL TO DETECT
GIANT PANDA VOLATILE COMPOUNDS IN THE ENVIRONMENT
Abstract
Chemical cues are thought to play an important role in mate identification in the
solitary giant panda (Ailuropoda melanoleuca). The goal of this study was to detect and
identify volatile compounds present in the enclosure air of captive giant pandas. We
hypothesized that a subset of compounds consistently produced from breeding animals
would be detected in environmental samples because highly volatile chemicals are likely
to facilitate mate detection. Samples were collected from enclosure air, representing a
total of 8 giant pandas (n=4 male, n=4 female), housed among four institutions (Memphis
Zoo, Zoo Atlanta, Edinburgh Zoo, and Toronto Zoo). Samples were collected during the
Feb-May breeding season and the Aug-Jan non-breeding period from 2012-2015.
Volatile compounds were captured by solid phase micro extraction (SPME) using a
polydimethylsiloxane (PDMS) fiber. Each fiber was secured approximately 3 meters
above the ground within a panda enclosure for 6-10 hours. Compounds adsorbed onto the
SPME fibers were analyzed by gas chromatography mass spectrometry. 38 compounds
were detected in at least 10% of all samples and across all subjects during each collection
period. Binary logistic regression demonstrated significant differences in the probability
of compounds to be present in male and female enclosures across seasons. Given the
prevalence of these compounds, we suspect that this group includes chemicals that are
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important in giant panda communication. With low population numbers of giant pandas
in the wild and limited reproductive success in captive institutions, a better understanding
of chemical communication in this species may benefit conservation efforts.
Introduction
The giant panda, Ailuropoda melanoleuca, is a vulnerable ursid that resides in
China (Schaller et al., 1985). Giant pandas are a mono-estrus, solitary species (Schaller et
al., 1985; Kleiman, 1983) that have become secluded to high ridge tops surrounded by
logging and farming sites, leaving little ability for genetic mixing (Wildt et al., 2006).
This species relies on olfactory cues to locate potential mates and communicate
information related to sex and age (Yuan et al., 2004; Liu, 2013), gender and
individuality (Hagey and Macdonald, 2003; Liu et al., 2008), individual chemical
signatures (Swaisgood et al., 1999; Zhang et al., 2008), and reproduction (Liu, 2013;
Dehnhard et al., 2005, 2006). The International Union for Conservation of Nature
recently down-listed the giant panda to vulnerable status due to an overall increase in
population size (Swaisgood et al., 2016); however, some isolated populations appear to
be decreasing in number (Zhu et al., 2010) and demonstrate genetic differences across
populations (Zhu et al., 2011). To increase genetic viability of small populations, giant
pandas require continued conservation and management aimed at facilitating
communication and breeding across isolated populations.
Developed in 1990, solid phase microextraction (SPME) is a relatively new
technique for extracting chemical compounds from different matrix types (Arthur and
Pawliszyn, 1990; Zhang and Pawliszyn, 1993). SPME utilizes a chemically coated fiber
to either absorb or adsorb volatile and semivolatile compounds. Volatile compounds
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collected onto SPME fibers are desorbed onto a gas chromatograph column and
characterized by a detection system (Pawliszyn, 1997). SPME was initially used for
detecting pollutants in water samples (Zhang and Pawliszyn, 1993), but has expanded to
determining trace contaminants in air samples using sealed gas bulbs and dynamic
flowing chambers (Chai and Pawliszyn, 1995; Martos and Pawliszyn, 1997). One of the
first air sampling experiments determined SPME was able to detect solvents used by
students a few days previously in the air of a synthetic organic laboratory (Chai and
Pawliszyn, 1995). Since then, SPME has been successfully applied to the field sampling
of air samples (Jia et al., 2000; Muller et al., 1999) and has been useful for environmental
field analysis, health monitoring, and pheromone detection. Several studies have
implemented the use of SPME to determine air quality including detection of
formaldehyde in indoor air (Koziel et al., 2001), organic pollutants in indoor air (Gorlo et
al., 1999), organophosphate triesters from flame retardants and plasticizers in air (Isetun
et al., 2004, 2005), and volatile organic compounds in air (Koziel et al., 1999, Larroque et
al., 2006; Tumbiolo et al., 2004; Tuduri et al., 2001). SPME environmental field analysis
also includes determination of malodorous Sulphur compounds (Lestremau et al., 2003a;
Lestremau et al., 2003b), odors at landfill sites (Davoli et al., 2003), and livestock odors
(Koziel et al., 2006). Lastly, SPME field analysis has been implemented for pesticide
identification in the atmosphere (Sanusi et al., 2003; Ferrari et al., 2004). SPME field
analysis also has potential applications for on-site health monitoring. SPME has been
utilized to monitor ethanol, acetone, and isoprene in human breath (Grote and Pawliszyn,
1997), volatile organic compounds in bovine breath (Spinhirne et al., 2003, 2004), and
pharmaceuticals in fish (Zhou et al., 2008). SPME of air has the potential to collect
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volatile compounds in the environment. This technique has been successfully
implemented to identify plant emissions (Raveane et al., 2013; Burken et al., 2011; An et
al., 2001; Yassaa and Williams, 2007; Isidorov et al., 2003) and insect pheromones
(Malosse et al., 1995; Rochat et al., 2000; Brown et al., 2006).
This study aims to detect volatile compounds in the enclosure air of captive giant
pandas. Several compounds not produced by the giant panda subject are likely to be
adsorbed onto the SPME fiber; however, compounds that are both present in giant panda
urine based off of previous studies and compounds that are more prevalent during the
breeding season likely serve as a chemical signal in this species. We hypothesized that a
subset of compounds consistently produced from breeding animals will be detected in
urine and environmental samples as highly volatile chemicals are likely to facilitate mate
detection. To test this hypothesis, our objectives were to (1) characterize the volatile
profile of captive giant panda enclosure air and (2) identify differences in the enclosure
air of male and female giant pandas during the breeding and non-breeding seasons. With
low population numbers of giant pandas in the wild spread across fragmented habitats, a
better knowledge of chemical communication in this species may provide vital
information to improve the conservation and management of giant pandas. To our
knowledge, this is the first study to utilize air analysis-solid phase microextraction in
combination with gas chromatography mass spectrometry to investigate giant panda
chemical communication.
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Methods and Materials
Enclosure sampling
Volatile compounds were extracted from the environment using solid phase micro
extraction (SPME) containing a polydimethylsiloxane (PDMS) fiber with an 85 µm film
thickness (Supelco, Bellefonte, PA, USA). A polydimethylsiloxane coating on SPME
fibers is suitable for air sampling as this coating in addition to a carbon based coating will
not concentrate nitrogen, oxygen, carbon dioxide, and moisture from the air, but will
selectively extract and trap analytes (Pawliszyn, 1997). Solid phase micro extraction
fibers were used to collect volatile compounds in the exhibits and dens of female and
male giant pandas during the breeding (March-June) and non-breeding seasons (AugustJanuary) (Table 4.1).
Table 4.1

SPME exhibit sampling obtained from institutions across years
Female

Institution
Memphis
Zoo

SPME Sampling
Procedure
2014: exhibit and den
every 2 days; 2015: dens
every night.

Male

Breeding

Nonbreeding

Breeding

Nonbreeding

2014(17)
2015(22)

2015(14)

2014(17)
2015(19)

2015(13)

Zoo
Atlanta

Dens every other night.

2015(14)

2015(14)

2015(14)

2015(13)

Toronto
Zoo

Exhibit on Day -14, Day
0, and Day 14.

2014(3)
2015(1)

2015(2)

2014(3)
2015(1)

2014(3)

Edinburgh
Zoo

Exhibit on Day -14, Day
0, and Day 14.

2015(2)

2016(3)

2015(2)

2016(3)

SPME exhibit samples collected for volatile analysis during 2014-2016 from Memphis
Zoo, Zoo Atlanta, Toronto Zoo, and Edinburgh Zoo. Numbers in parenthesis indicate the
number of samples analyzed each year (175 samples).
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Samples were collected from giant pandas housed at Memphis Zoo (Memphis,
Tennessee, USA), Zoo Atlanta (Atlanta, Georgia, USA), Edinburgh Zoo (Edinburgh,
Scotland, United Kingdom) and Toronto Zoo (Toronto, Ontario, Canada). SPME fibers
were exposed to giant panda enclosure areas during the breeding season (Day -14 through
Day 14 of the estrous cycle, respective to when estrogen returns to baseline (Day 0)) and
non-breeding period (6 months after estrus; diestrus). SPME fibers were secured to the
walls of enclosures by placing the blue end of the fiber down in a pocket made of clear
packing tape. The fiber was then exposed to the environment (Figure 4.1).

Figure 4.1

Solid phase microextraction fiber mounted to wall

Solid phase microextraction fibers were mounted to the giant panda enclosure walls by
securing the blue end of the metal sheath in a pocket made of clear tape. The fiber is
exposed to collect volatile compounds in the environment.
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SPME fibers remained exposed in exhibits for a minimum of 6 hours, while fibers
were placed in dens overnight (10-12 hours). SPME sampling procedures were dependent
on participating institutions and SPME fiber availability. Because of shipping limitations,
Toronto Zoo and Edinburgh Zoo performed an abbreviated SPME sampling protocol.
SPME fibers were placed in enclosures as described above; however, only on Day -14,
Day 0, and Day 14 during the breeding season (Table 4.1). Similar sampling was
implemented during the non-breeding season, where SPME fibers were placed in
enclosures on three separate days within a 28 day period to simulate the sampling method
performed during the breeding season. While this abbreviated method does not provide
the same number of samples as the other institutions, it still provides adequate sampling
points to assess changes in the volatile profile across seasons. Upon retrieval, SPME
fibers were immediately withdrawn into metal sheaths and kept in cool storage at 4°C.
The cool storage conditions protects from analyte losses off of the fiber (Chai and
Pawliszyn, 1995). After the sampling period, SPME fibers were shipped overnight to
Mississippi State University for subsequent laboratory analyses.
Analytical Procedure
Prior to extraction, the SPME fiber was conditioned at 250°C for a minimum of
30 minutes. Extracted volatile components adsorbed onto the fiber were analyzed using
an Agilent 7890B GC (Agilent Technologies, Santa Clara, CA) with helium as a carrier
gas passing through an Agilent ultra-inert DB-5MS column (30m x 0.25mm) coupled
with the Agilent 5977A MSD. A split/split less injector was used in split less mode at
300°C and the SPME fiber was allowed to desorb for 40 minutes. The GC oven was kept
at 60°C for 2 min, increased to 105°C at 15°C/minute, from 105 to 165°C at
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10°C/minute, from 165 to 290°C at 5°C/minute and then held at 290°C for 4 minutes.
Electron impact ionization (EI) was achieved using the Agilent 5977A MSD, with a scan
range from 40-450 m/z and a scan rate of 3.5 scan/sec. The mass spectra of the GC peaks
was matched with those in the Wiley Registry 10th Edition/NIST 2012 Mass Spectral
Library for tentative identification of volatiles. Instrument blanks (no injection) were run
approximately every 10 samples in addition to between sex and institution to prevent
instrument contamination across samples.
Data Evaluation
In order to accurately tentatively identify compounds, the ions present in the mass
spectra and the relative ratios of the ions to each other in each chromatographic peak
were required to match 80% of the known mass spectra of a compound present in the
Wiley Registry 10th Edition/NIST 2012 Mass Spectral Library (Hagey and MacDonald,
2003). We assumed that for a chemical to be important in interspecies communication of
gender and reproductive status, the compound would occur relatively frequently in the
samples available. Therefore, we chose to only consider volatile compounds that were
tentatively identified with at least an 80 match factor and occurred in at least 10% of
samples. Toronto Zoo and Edinburgh Zoo performed an abbreviated SPME sampling
protocol, resulting in only 3 samples collected during each season. Compounds occurring
in these samples were not required to occur in at least 10% of the samples. Therefore, all
compounds from the 6 samples collected from Toronto Zoo and Edinburgh Zoo across
both seasons during each year were included in the final criteria of occurring across all
subjects. Although there is variation in the number of compounds present at each
institution, volatile compounds related to sex and season should be maintained across
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individuals. Therefore, each individual giant panda was treated as a replicate and volatile
compounds that occurred in at least one year from each institution and across all subjects
(n=4 male and n=4 female) within one collection period were considered for statistical
analysis. A collection period is defined as the time that environmental samples were
collected for each gender. For example, one compound must occur across all females
during the breeding season to be considered for statistical analysis; however, it may occur
fewer times or not at all in female non-breeding season samples, male breeding season
samples, or male non-breeding season samples. Using this cut-off allowed us to limit the
number of compounds that may appear in relation to individual identity, but that was not
the aim of this paper. Also, this cut-off allowed us to avoid compounds that may be
present only due to specific bear attributes such as specific diets at each institution. This
method resulted in 38 compounds considered for statistical analysis.
Statistical Analysis
Compounds taken into consideration for statistical analysis were present in 10%
of samples and across all subjects (n=4 male and n=4 female). The presence and absence
of compounds was used to measure differences relative to sex and season in giant panda
enclosures. If a compound was present, it was denoted with a value of 1. A compound
may not be present in a sample for four reasons: (1) the abundance of the compound was
below the detection limit of the instrumentation, (2) the abundance of the compound was
too low to be adsorbed onto the SPME fiber, (3) the compound did not have an affinity
for the SPME fiber, and/or (4) it was not present in giant panda enclosures. If a
compound was not present in a given sample, it was given a value of 0. Each compound
was considered an individual response variable. Each volatile compound was compared
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across season and sex; however, the presence of each compound was not compared to
other compounds. A two-way cross classification analysis of variance was used to
investigate season and sex differences among the classes of compounds present in giant
panda enclosures. Means were separated by Fisher’s least significant difference (LSD)
test with α=0.05. A binary logistic regression was used to test the hypothesis that sex and
season explain volatile compounds present in giant panda enclosures. The binary logistic
regression was used to develop models to predict specific volatile compound presence,
allowing for the calculation of the probability of presence. A maximum likelihood ratio
test was used to test for significance of the final model. All statistics were conducted
using R Studio and SAS 9.4 with a level of significance set at 0.05 for all tests.
Results
Overall Volatile Profile
Volatile compounds from 175 giant panda enclosure samples were analyzed in
order to investigate differences relative to season and gender with respect to presence of
specific compounds. SPME sampling occurred in the exhibits and dens of female and
male giant pandas at four institutions (Memphis Zoo, Zoo Atlanta, Edinburgh Zoo, and
Toronto Zoo) across multiple years. Volatile compounds were collected in the enclosures
of captive male and female giant pandas during the breeding and non-breeding seasons in
order to identify differences in the field air profile relative to season and sex.
Representative total ion chromatograms demonstrate differences of male and female giant
panda enclosures during the breeding and non-breeding seasons (Figure 4.2). The volatile
profile of male and female giant pandas during the breeding season appear to be different
from the non-breeding season. Qualitatively, several more compounds were detected in
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female giant panda enclosures during the breeding season (Figure 4.2a). In addition,
prominent compounds appear to increase in peak area (counts*sec) during the breeding
season (Figure 4.2a) when compared to the non-breeding season (Figure 4.2b). Similarly
for male giant pandas, there is an increased number of compounds present in the breeding
season (Figure 4.2c) compared to the non-breeding season (Figure 4.2d). Prominent
compounds are also greater with respect to peak area (counts*sec) in male enclosures
during the breeding season (Figure 4.2c) compared to the non-breeding season (Figure
4.2d). Qualitative differences are also demonstrated between the sexes. During the
breeding season, a greater number of compounds were detected in female urine (Figure
4.2a) than in male enclosures (Figure 4.2c). The non-breeding season field air volatile
profiles for both female (Figure 4.2b) and male (Figure 4.2d) giant pandas appear similar
in that much fewer compounds were detected overall.
38 tentatively identified compounds with a match factor of 80 or greater occurred
in at least 10% of all samples and across all subjects (n=4 males and n=4 females) during
each collection period (Table 4.2). The field air profile of giant panda enclosures
consisted of aromatic and aliphatic compounds. These compounds are categorized into 10
classifications based on their structures and functional groups. Aromatic compounds are
cyclic in shape and have a ring of resonance bonds that provide stability, while aliphatic
compounds can be cyclic, exhibiting a similar ring structure, these compounds lack the
stabilizing resonance bonds. Aliphatic compounds can also be acyclic which means these
compounds lack a ring structure and can be either a straight chain or branched. Aromatic
compounds made up 29% of the enclosure volatile profile, while 21% was made of cyclic
aliphatic compounds and 50% of the enclosure profile was comprised of acyclic aliphatic
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compounds. The aromatic compounds consist of ketones, benzene derivatives, and others.
The cyclic aliphatic compounds are comprised of ketones and alkenes, while the acyclic
aliphatic compounds consist of ketones, esters, aldehydes, alkanes, and others (Table
4.3).
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Figure 4.2

Total ion chromatograms of giant panda enclosures

Total ion chromatograms from 1 to 20 minutes of female (breeding season: a; nonbreeding season: b) and male (breeding season: c; non-breeding season: d) giant panda
enclosures (enlarged to show peaks of interest).
154

Table 4.2

Volatile compounds detected in giant panda enclosures

Aromatic
Ketone
(Z)-3-Benzyl-5-(thiophen-3-ylmethylene)oxazolidine-2,4-dione
Toluene
Benzene derivative
4-(4-Methoxybenzylideneamino)-5-(4-isopropylthiazol-2-yl)-4H-1,2,4-triazole-3-thiol
4-Methyl-3,9a-bis(fluoromethyl)-9aH-pyrazolo[3,4-b][1,4]benzothiazine
7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2one
Benzaldehyde
Benzene, (1-methylethyl)Benzene, 1,2,4-trimethylBenzene, methylOther
Hydrazine, 1,2-dimethyl3,3'-(1,1-Ethanediyl)bis(1H-indole)
Aliphatic
Cyclic
Ketone
2,5-Cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)Cyclopentane, methylCyclopropane, 1-(1-methylethenyl)-2-(2-methyl-1-propenyl)-, (1R-trans)Cyclopropane, 1,1-dibromo-2-chloro-2-fluoroAlkene
1,4-Cyclohexadiene, 1,6,6-trimethyl-3-methylene2-Pinene
Bicyclo[2.2.1]hept-2-ene, 1,7,7-trimethylBicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]Acyclic
Ketone
5-Hepten-2-one, 6-methylEster
2-methyl-propanoic acid, 2,2-dimethyl-1-(1-methylethyl)-1,3-propanediyl ester
Acetic acid, 2-ethylhexyl ester
Aldehyde
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Table 4.2 (continued)
Decanal
Heptanal
Hexanal
Nonanal
Octanal
Alkane
2,2,6-trimethyloctane
Dodecane
Octane, 2,6-dimethylOctane, 6-ethyl-2-methylPentane, 2-methylPentane, 3-methylUndecane
Undecane, 4-methylOther
2-chloro-4-[cyano(methoxy)(phenyl)methyl]-N-[cyano(phenyl)methylene]aniline N-Oxide
Dicinnamylether
Dicumyl peroxide

Tentatively identified compounds with a library match factor greater than or equal to 80
in giant panda urine. 38 compounds occurred in at least 10% of all samples and across all
subjects within one collection period. Compounds are organized by functional group
chemical classification.
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Table 4.3

Mean prevalence of tentatively identified compounds by class in giant
panda enclosures

Classification

Breeding Season

%

Female

Non-breeding Season

Male

Female

Male

Aromatic
Ketonea

5.26

0.237

±

0.315

0.226

±

0.287

0.106

±

0.208

0.063

±

0.168

Benzene derivativea

18.4

0.316

±

0.192

0.372

±

0.176

0.251

±

0.129

0.281

±

0.156

Othera

5.26

0.456

±

0.381

0.491

±

0.360

0.348

±

0.385

0.188

±

0.305

Ketoneb

10.5

0.452

±

0.192

0.434

±

0.236

0.606

±

0.258

0.578

±

0.205

Alkene

10.5

0.325

±

0.287

0.396

±

0.279

0.394

±

0.188

0.461

±

0.212

Ketone

2.63

0.421

±

0.498

0.415

±

0.497

0.545

±

0.506

0.344

±

0.483

Ester

5.26

0.465

±

0.364

0.481

±

0.277

0.409

±

0.341

0.391

±

0.330

Aldehydea

13.2

0.618

±

0.303

0.634

±

0.306

0.527

±

0.331

0.506

±

0.344

Alkaneb

21.1

0.265

±

0.193

0.311

±

0.219

0.402

±

0.204

0.355

±

0.191

Otherc

7.89

0.140

±

0.188

0.289

±

0.236

0.152

±

0.206

0.177

±

0.207

Aliphatic: Cyclic

Aliphatic: Acyclic

Mean prevalence ± standard deviation and percent (%) of tentatively identified
compounds by class in giant panda enclosures (asignificant in breeding season,
b
significant in non-breeding season, csignificant in male enclosures; p<0.05).
The percent present of each compound classification varied in giant panda enclosures.
Acyclic aliphatic alkanes represented the majority of the field air profile at 21.1%, while
acyclic aliphatic ketones were the least present in the enclosure volatile profile (2.63%).
There were no statistically significant season and sex interaction for the classes of
compounds. However, aromatic ketones, benzene derivatives, and others in addition to
acyclic aliphatic aldehydes all significantly increased during the breeding season with
respect to mean presence (Table 4.3, p<0.05). There were few sex differences among the
compound classifications. Only the group labeled “others” within acyclic aliphatic
compounds were significantly greater in male enclosures with respect to presence (Table
4.3, p<0.05).
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Season by Sex Effects
The presence and absence of 38 volatile compounds tentatively identified in giant
panda enclosures was investigated for season and sex interaction effect. Each compound
was compared across 4 treatment groups, female breeding season (n=57 samples), female
non-breeding season (n=33 samples) male breeding season (n=53 samples), and male
non-breeding season (n=32 samples). Binary logistic regression was used to develop
models to predict specific volatile compound presence, allowing for the calculation of the
probability of presence. The probability of presence was influenced by a significant
season and sex interaction (p<0.05) for two compounds: Bicyclo[4.1.0]hept-3-ene-2thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]-, and 3,3'-(1,1-Ethanediyl)bis(1Hindole) (Figure 4.3). Bicyclo[4.1.0]hept-3-ene-2-thiol and 3,7,7-trimethyl-, [1S(1.alpha.,2.alpha.,6.alpha.)]- demonstrated a significantly higher predicted probability in
male enclosures during the non-breeding season (0.3125), while 3,3'-(1,1Ethanediyl)bis(1H-indole) was significantly more likely to be predicted present in male
enclosures during the breeding season (0.6226).
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Figure 4.3

Predicted probability of chemicals occurring in a specific sex and season

The probability of occurrence of C18: Bicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-,
[1S-(1.alpha.,2.alpha.,6.alpha.)]- and C38: 3,3'-(1,1-Ethanediyl)bis(1H-indole) across
each collection period (p<0.05 for significant sex and season interaction effect).
Season Effects
When no significant interaction of season and sex was present, the main effects of
season and sex were investigated separately. Binary logistic regression investigated the
predicted probability for specific compounds to be present during each season. The
predicted probability of 4 compounds being present significantly increased during the
breeding season, while the probability of 8 compounds being present significantly
increased during the non-breeding season (Figure 4.4).

159

Figure 4.4

Predicted probability of chemicals occurring in a specific season

The probability of occurrence of C2: 1,4-Cyclohexadiene, 1,6,6-trimethyl-3-methylene-;
C4: 2-methyl-propanoic acid, 2,2-dimethyl-1-(1-methylethyl)-1,3-propanediyl ester; C11:
7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1benzopyran-2-one; C12: Acetic acid, 2-ethylhexyl ester; C13: Benzaldehyde; C18:
Bicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]-; C19:
Cyclopentane, methyl-; C20: Cyclopropane, 1-(1-methylethenyl)-2-(2-methyl-1propenyl)-, (1R-trans)-; C22: Decanal; C31: Octane, 2,6-dimethyl-; C32: Octane, 6-ethyl2-methyl-; C34: Pentane, 3-methyl-; across seasons (p<0.05 for significant main effect of
season).
Decanal (0.7984), 7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8methyl-4-propyl-2H-1-benzopyran-2-one (0.6317), 2-methyl-propanoic acid, 2,2dimethyl-1-(1-methylethyl)-1,3-propanediyl ester (0.5920), and Bicyclo[4.1.0]hept-3ene-2-thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]- (0.2272) were significantly
more likely predicted to be present during the breeding season (p<0.05, Figure 4.5). 1,4Cyclohexadiene, 1,6,6-trimethyl-3-methylene-, Acetic acid, 2-ethylhexyl ester,
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Benzaldehyde, Cyclopentane, methyl-, Cyclopropane, 1-(1-methylethenyl)-2-(2-methyl1-propenyl)-, (1R-trans)-, Octane, 2,6-dimethyl-, Octane, 6-ethyl-2-methyl-, and Pentane,
3-methyl- were significantly more likely predicted to be present during the non-breeding
season (p<0.05).
Sex Effects
The main effect of sex was also investigated by binary logistic regression to
determine the predicted probability of specific compounds occurring in male or female
enclosures. The predicted probability of 3 compounds being present significantly
increased in male enclosures (p<0.05): 7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2-one (0.5492), 2-chloro-4[cyano(methoxy)(phenyl)methyl]-N-[cyano(phenyl)methylene]aniline N-Oxide (0.3830),
and Pentane, 2-methyl- (0.2665). Only Undecane, 4-methyl (0.1523) significantly
increased in predicted probability of being present in female enclosures (Figure 4.5).
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Figure 4.5

Predicted probability of chemicals occurring in a specific sex

The probability of occurrence of C3: 2-chloro-4-[cyano(methoxy)(phenyl)methyl]-N[cyano(phenyl)methylene]aniline N-Oxide; C11: 7-[(5-Mercapto-4-benzyl-1,2,4-triazol3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2-one; C33: Pentane, 2-methyl-; and
C37: Undecane, 4-methyl- across sexes (p<0.05 for significant main effect of sex).
Discussion
Results from this study suggest that solid phase microextraction fibers are suitable
for the collection of volatile compounds in giant panda enclosures. The air volatile profile
in giant panda enclosures is comprised of 29% aromatic compounds, 21% cyclic aliphatic
compounds and 50% acyclic aliphatic compounds. 38 tentatively identified compounds
with a match factor of 80 or greater occurred in at least 10% of all samples and across all
subjects (n=4 males and n=4 females) during each collection period. The predicted
probability of occurrence was calculated using a binary logistic regression model. Results
demonstrate that volatile compounds present in giant panda enclosures can be explained
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by season and sex. Previous studies have identified volatile compounds in giant panda
urine (Liu et al., 2008; Liu et al., 2013; Dehnhard et al., 2005, 2006) and ano-genital
gland secretions (Yuan et al., 2004, Zhang et al., 2008, Liu et al., 2006, Hagey and
MacDonald, 2003); however, this is the first study to identify compounds in giant panda
enclosures using a solid phase microextraction fiber to extract volatile compounds from
the air profile. Here, we characterize the air profile of giant panda enclosures and
demonstrate that the presence of these compounds can be predicted based off of season
and sex.
Volatile Profile Composition
There are obvious qualitative differences between enclosure air volatile profiles
with respect to season and sex. The number of compounds and the peak area (counts*sec)
of prominent compounds increases in the breeding season compared to the non-breeding
season. Scent-marking behavior is prevalent during the spring breeding season months
(Schaller, 1985); therefore, volatile compounds are likely to be greater in number and
abundance. Acyclic aliphatic compounds make up the majority of the enclosure air
volatile profile (50%), while 29% of the air profile are aromatic compounds and the
remaining 21% can be classified as cyclic aliphatic compounds. Each of these
classifications contains varying structures that will influence the compounds volatility.
Aliphatic acyclic compounds can be open chain compounds (straight or branched) and do
not contain any ring structures. These bonds tend to be less stable and easily reactive.
Half of the enclosure volatile profile consists of aliphatic acyclic compounds. These
compounds tend to have a lower molecular weight compared to the other classes of
compounds, making them more volatile. Compounds that are highly volatile are typically
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chemical signals for short term communication (Alberts, 1992). Highly volatile
compounds are the most likely to be detected by extracting compounds from the
enclosure air and this may also be the case for giant pandas. Compounds that are highly
volatile may move into the vapor phase more quickly and be spread into the environment,
allowing for individuals to easily detect them. Compounds with a higher molecular
weight, such as aliphatic cyclic compounds and aromatic compounds are less likely to be
adsorbed onto the SPME fiber. These types of compounds have been detected in giant
panda ano-genital secretions (Yuan et al., 2004, Zhang et al., 2008). These compounds
will persist in the environment longer than aliphatic acyclic compounds, suggesting that
these signals are used for long term communication. The highly volatile compounds
detected in the enclosure air are likely related to signaling sexual receptivity.
Season and Sex Effects
Results from this study indicate that the presence of specific volatile compounds
detected in giant panda enclosures can be explained by season and sex.
Bicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]demonstrated a significantly higher predicted probability in male enclosures during the
non-breeding season, while 3,3'-(1,1-Ethanediyl)bis(1H-indole) was significantly more
likely to be predicted present in male enclosures during the breeding season. 7-[(5Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2one showed a greater probability of occurrence in breeding season enclosures as well as
in male enclosures. The only sex and season specific volatile compounds detected in
enclosures were related to male giant pandas. Male giant pandas perform scent marking
behavior more frequently and for a longer duration throughout the year (Schaller, 1985).
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In addition, male giant pandas demonstrate changes in testes volume, androgen patters,
sperm density, and sexual behaviors several months before the female is sexually
receptive (Aitken-Palmer et al., 2012). Based on this information, it is likely that males
produce a greater number of compounds that are perhaps more easily detected.
Compounds that are both season and sex dependent are likely related to specific
pheromones as they convey detailed information to conspecifics. Unique compounds that
make up the composition of known insect pheromones have been detected using SPME
of air samples (Malosse et al., 1995, Brown et al., 2006).
Seasonal differences were shown to predict the probability of occurrence for
several compounds detected in giant panda enclosures. Decanal, 7-[(5-Mercapto-4benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2-one, 2methyl-propanoic acid, 2,2-dimethyl-1-(1-methylethyl)-1,3-propanediyl ester, and
Bicyclo[4.1.0]hept-3-ene-2-thiol, 3,7,7-trimethyl-, [1S-(1.alpha.,2.alpha.,6.alpha.)]- were
significantly more likely predicted to be present during the breeding season, while 1,4Cyclohexadiene, 1,6,6-trimethyl-3-methylene-, Acetic acid, 2-ethylhexyl ester,
Benzaldehyde, Cyclopentane, methyl-, Cyclopropane, 1-(1-methylethenyl)-2-(2-methyl1-propenyl)-, (1R-trans)-, Octane, 2,6-dimethyl-, Octane, 6-ethyl-2-methyl-, and Pentane,
3-methyl- were significantly more likely predicted to be present during the non-breeding
season. The presence and absence of particular compounds during the breeding and nonbreeding season provide evidence for chemical signals related to reproductive status.
Compounds that have an increased probability of occurrence during the breeding season
likely indicate estrus status and sexual receptivity to conspecifics.
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Differences in male and female giant panda enclosure air profiles were also
evident. 7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1benzopyran-2-one, 2-chloro-4-[cyano(methoxy)(phenyl)methyl]-N[cyano(phenyl)methylene]aniline N-Oxide, and Pentane, 2-methyl- were significantly
more likely to be present in male enclosures, while only Undecane, 4-methyl significantly
increased in predicted probability of being present in female enclosures. Sexual
differences in the enclosure volatile profile indicate male and female specific compounds
that are likely used to facilitate mate identification.
Enclosure and Urine Comparison
Previous studies suggest urinary chemical cues are associated with kinship (Liu et
al., 2008), sex (Liu et al., 2013), and season (Liu et al., 2013; Dehnhard et al., 2005,
2006). Previous work completed with these same subjects identified 146 volatile
compounds of interest in giant panda urine (Chapter II). In addition to chemical signals in
urine, it has been suggested that volatile compounds can be collected in the environment
through the use of SPME fibers (Meng et al, 1995). SPME fibers placed in giant panda
enclosures adsorbed volatile compounds from the environment. By comparing the
compounds extracted from urine and compounds adsorbed onto the SPME fiber, this
research investigated the notion that giant pandas can identify conspecifics from
chemicals in the air rather than having direct contact with urine. There are 20 compounds
that were identified both in giant panda urine and in enclosures. Out of these 20
compounds, 3 demonstrated statistically significant effects. The relative abundance per
creatinine concentration (mg/mL)-1 of 2-chloro-4-[cyano(methoxy)(phenyl)methyl]-N[cyano(phenyl)methylene]aniline N-Oxide was found to be significantly greater in male
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breeding season urine (Chapter II) and the probability of occurrence of this compound
was significantly greater in male enclosures. The relative abundance per creatinine
concentration (mg/mL)-1 of decanal was significantly greater in male breeding season
urine (Chapter II) and the probability of occurrence of this compound was significantly
greater in breeding season enclosures. Lastly, the relative abundance per creatinine
concentration (mg/mL)-1 of Pentane, 3-methyl- was significantly greater in male urine
(Chapter II) and the probability of occurrence of this compound was significantly greater
in non-breeding season enclosures. Compounds that are found in both urine and
enclosures help to confirm the notion that giant pandas can detect chemical signals in the
environment and may not necessarily be limited to urine and ano-gential gland secretions.
This knowledge will also help ensure the feasibility of the use of this technique in the
field and apply to in situ conservation by assessing overlapping territories and
communication within fractured habitats.
Conclusions
This innovative sampling technique is crucial for threatened and endangered
species that utilize chemical communication, such as the giant panda. Information related
to conspecific identification (Swaisgood et al., 1999), sex and reproductive status
(Swaisgood et al., 2000, 2002), adulthood and age (White et al., 2003), and competition
(White et al., 2002) is gathered from olfactory communication in giant pandas. Results
from this study have not only developed a novel pheromone sampling technique, but this
study also suggests giant pandas are able to detect chemical signals in the environment
rather than solely in scent marks and urine. Giant pandas are solitary for the majority of
the year until the spring breeding season (Schaller, 1985). Compounds deposited in giant
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panda secretions and urine are likely to volatilize into the environment. Environmental
factors such as temperature, pressure, and pH will affect the volatility of organic
compounds found in giant panda scent marks and urine. Depending on the structure and
solubility of the compound, environmental factors can either increase or decrease the
volatility and volatilization rate and thus influence the chemical signal (Alberts, 1992). In
general, temperature increases will elicit greater volatility and a decrease in pH will result
in a decrease in volatility. The resulting effect on volatility will also affect the ability of
giant pandas to detect chemical signals through their olfactory communication system.
This concept is often discussed when understanding how giant pandas are able to detect
conspecifics at far distances. It is thought that free-ranging giant pandas will roam the
bamboo forests in search of a mate during the breeding season (Schaller, 1985). It may be
weeks before an individual locates a potential mate; however, chemical cues deposited in
urine and scent marks may be providing vital information related to reproductive
condition and sexual receptivity. With this in mind, organic compounds in giant panda
urine must be volatile in order to reach the olfactory detection system in conspecifics, but
also have a relatively high molecular weight so that the compound is able to persist over
time. Depending on variation among environmental factors, this amount of time or rate of
volatilization can vary and may ultimately influence not only the detection of
pheromones by SPME fibers but also the detection of chemosensory molecules by giant
pandas. Considering environmental information in combination with SPME detection of
chemical signals, we can gain a better understanding of how species communicate across
vast landscapes.
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Applying SPME for detecting pheromones in mammalian species is a novel tool
for management. SPME has been used to determine volatile organic compounds in air
(Koziel et al., 1999, Larroque et al., 2006; Tumbiolo et al., 2004; Tuduri et al., 2001),
identify plant emissions (Raveane et al., 2013; Burken et al., 2011; An et al., 2001;
Yassaa and Williams, 2007; Isidorov et al., 2003), and detect insect pheromones
(Malosse et al., 1995; Rochat et al., 2000; Brown et al., 2006). This study has detected
and identified volatile compounds in giant panda enclosures that are related to
reproductive status and sexual receptivity. This research has the potential to provide
information to management for connecting isolated populations of giant pandas through
the identification of chemical cues that can be used to track and identify individuals,
determine attractants for population census and habitat relocation, and assess ecological
variables affecting wild populations.
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CHAPTER V
MALE GIANT PANDA BEHAVIORAL, SEMIOCHEMICAL, AND ANDROGEN
RESPONSES TO VOLATILE OLFACTORY OVULATION CUES
Abstract
Mate identification and detection of sexual receptivity in the solitary giant panda
(Ailuropoda melanoleuca) are believed to be associated with chemical compounds in
female peri-estrual urine. We hypothesized that biogenic compounds in urine of estrous
females motivated investigative behaviors and physiological responses in males. Captive
male giant pandas (n=4) were exposed to peri-estrual urine ranging from 13 days prior
(Day -13) and 9 days (Day 9) after ovulation (Day 0) during the breeding season and nonbreeding season. During the breeding season, male giant pandas displayed significantly
greater olfactory investigation in response to Day -13, Day -3, and Day 0 peri-estrual
urine. 165 volatile compounds were identified in urine across all subjects during the
experimental trial period, 3 of which increased in response to exposure to peri-estrual
urine during the breeding season and 34 in the non-breeding season. Unique volatile
compounds increased in relative abundance when male giant pandas were exposed to Day
-1 and Day -13 urine samples in the breeding season and Day -6 and Day -3 urine in the
non-breeding season. Day -3 urine elicited an increase in urinary androgen concentrations
in all males during the non-breeding season. The behavioral and physiological responses
to female peri-estrual urine suggest that males are likely detecting changes in volatile
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compounds in association with elevated estrogens and impending ovulation. Furthermore,
these data are consistent with a rapid physiological response of males to estrous females
both during the non-breeding season and the typical spring breeding season. In
combination with endocrinological monitoring, these data pinpoint the time when males
are most responsive to females. Therefore, these data can be used to assist with the
determination of impending ovulation and fine-tune the best time for male-female
introductions and artificial inseminations.
Introduction
Several species of animals use volatile compounds in urine, feces, and, gland
secretions to communicate reproductive status to conspecifics. Chemosensory
compounds are typically composed of one or a suite of volatile or semi-volatile
molecules that act as pheromones and can elicit behavioral and physiological responses in
other individuals through detection by the vomeronasal organ (Dulac and Torello, 2003).
One species that is well known to communicate through pheromones is the giant
panda. Because female giant pandas are typically sexually receptive only once per year
during the spring breeding season (Kleiman, 1983; Schaller, 1985), olfactory
communication has been thought to be used for conspecific identification (Swaisgood et
al., 1999), sex and reproductive status (Swaisgood et al., 2000, 2002), adulthood and age
(White et al., 2003), and competition (White et al., 2002). Since modern zoos began to
breed giant pandas in captivity in 1936 (Peng et al., 2001), this species has earned a
reputation for being difficult to reproduce in captivity (Schaller, 1994; Peng et al., 2001).
While recently, there has been an increase in natural mating, births, and surviving cubs of
captive giant pandas (Swaisgood et al., 2003), unsuccessful mating attempts due to poor
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male mounting behavior, lack of male sexual motivation, and aggressive behavior still
exist in captive populations (Zhang et al., 2004). Furthermore, male and female
individuals rarely interact outside of the breeding season (Schaller, 1985), causing
managers to keep giant pandas separated in captivity. Inappropriate timing of interactions
among individuals can lead to aggressive behaviors and possibly injury to individuals
(Zhang et al., 2004). Male giant panda sexual behavior increases in response to female
sexual behavior around the time of ovulation (Owen et al., 2013; Schaller et al., 1985),
providing managers with a timeline for successful introductions.
Several studies investigating the application of chemical communication in
captive breeding programs have provided substantial evidence for the use of olfactory
cues to improve natural mating conditions for giant pandas (Swaisgood et al., 2004). For
management purposes, it is also beneficial to understand the optimum time to introduce
males to females for natural mating, priming males for semen collection, and artificial
inseminations. However, these questions have yet to be answered through the use of
chemical signals. Estrus status can be discriminated by male giant pandas through
chemical cues in female urine (Swaisgood et al., 2002) and thus implies that pandas are
able to track each other by scent, allowing for the male to track a potential mate and
know when she is most receptive (Schaller et al., 1985). Odors may activate sexual
motivation, encouraging the idea that pandas in captivity need opportunity for chemical
communication in order to promote natural breeding and reduce aggressiveness towards a
potential mate (Swaisgood et al., 2000).
Evidence suggests that male giant pandas can discriminate between estrous and
non-estrous urine from conspecifics (Swaisgood et al., 2002); however, further
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discrimination between days of the estrous cycle has not been tested. This study aims to
determine if a specific day of female peri-estrual urine initiates sexual motivation in male
giant pandas. Interest and provocation of sexual motivation were identified by examining
behavioral responses, changes in the urinary volatile profile, and changes in urinary
androgen concentration of males when exposed to peri-estrual urine during and outside of
the typical spring breeding season. If odor activates sexual motivation, we anticipated
that the male’s androgen levels will increase when exposed to peri-estrual urine in both
the breeding season and non-breeding season. Findings from this study may also allow
for managers to prime males prior to semen collection, optimize timing for pair
introduction and artificial insemination, and ensure compatibility among breeding pairs.
In addition, the behavioral response will aid in understanding what chemical signals the
female is communicating across the estrous cycle.
Methods and Materials
Behavior trials were completed during the breeding season and non-breeding season
months from 2014-2015. Male giant pandas housed at Memphis Zoo (Studbook #466),
Zoo Atlanta (Studbook #461), Toronto Zoo (Studbook #732), and San Diego Zoo
(Studbook #415) were the subjects of this study. At the time of the study, all male giant
pandas were at least 6 years of age (Zhong, 2016) and classified as sexually mature
(Schaller et al., 1985). There were slight variations in diet at each institution; however, all
subjects received water ad libitum and bamboo. The corresponding female pairs at each
institution were housed separately from the males during the experimental trial with the
ability for the exchange of olfactory, auditory, and visual cues. This study was conducted
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in accordance with the Memphis Zoo’s Institutional Animal Care and Use Committee
(#2014-04).
Experimental Procedure for Behavioral Trials
Two perforated Plexiglas boxes (Acrylics USA inc., Frankfort, IL), each
containing a 35mm petri dish, were mounted 1m apart (location A and B) on the outside
of the enclosure fence. The location of the boxes remained consistent throughout the
experimental period (Figure 5.1).

Figure 5.1

Male giant panda discrimination trial

Giant panda male discrimination trial at Memphis Zoo shows simultaneous choice test
between scent boxes (circled in red) containing peri-estrual urine (box A; left) and
diestrous urine (box B; right).
Each trial consisted of 9 presentation sessions for 15 minutes once a day. The first
session consisted of the presentation of empty boxes for a minimum of 15 minutes to
familiarize the male with the boxes and the testing procedure. After this habituation day,
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each presentation session enlisted a different day of peri-estrual urine compared to a
negative control (pooled diestrous urine). Each male was exposed to urine collected from
a single unknown female. The female urine samples used had been collected from
females on Day -13, Day -6, Day -3, Day -2, Day -1, Day 0, Day 4, and Day 9, where
Day 0 is designated as the time when estrogen returns to baseline (ovulation; Czekala et
al., 2003; McGeehan et al., 2002). Diestrous urine had been collected from females
housed at Memphis Zoo and Toronto Zoo when all hormones were at their lowest
concentration. The creatinine concentration of all urine samples was within the normal
range (0.2-2.0 creatinine mg/mL urine) to account for dilution effects. 1mL of periestrual urine and 1mL of pooled diestrous urine were pipetted onto the appropriate petri
dish inside the box as determined by flipping a coin prior to the start of the trial. Each
presentation session occurred for 2 consecutive days, followed by a 1-day rest period
without presentation, and another 2-day trial and so on until all urine samples had been
presented. All males were consistently shown peri-estrual urine in the following order:
Day -1, Day -13, Day -6, Day 9, Day 0, Day -2, Day -3, and Day 4, which was
determined using a random number generator.
Each session began when the giant panda entered the enclosure area. Video
recording was performed from outside of the enclosure for the duration of the 15 minute
session. Urine from male giant pandas was collected daily 1 week prior, during, and 1
week after each behavior trial. In order to attribute the volatile composition and androgen
response to the stimulus exposure, only urine samples collected after the presentation
sessions each day were used for analyses. Urine was collected from the floor of indoor
enclosures by use of a sterile syringe and transferred to a clean-labeled tube. Urine
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collection was subject to keeper availability and animal cooperation. Urine samples were
stored at -20°C as soon as possible after collection. After the trial, all video recordings
and urine samples were shipped to Mississippi State University for subsequent analysis.
Continuous behavior sampling was used to analyze the male behavior responses
to peri-estrual urine. Behaviors indicative of olfactory responses towards the urine stimuli
were recorded. Investigation of the urine sample was defined as facing the perforated side
of the Plexiglas box, placing the nose within 5cm of the box and actively inhaling and/or
smelling. The number of bouts of flehmen behavior was noted when the male giant panda
was facing the box and curled his upper lip. Investigation was recorded in duration
(seconds) and the count of flehmen responses were noted continuously throughout the 15
minute trial. The number of times male giant pandas scent marked (actively rubbing anogenital gland on surface) during the session period was also recorded. Scent marking
behavior occurring within one minute of investigating a stimulus was noted as a response
to the corresponding stimulus. Scent marking behavior that appeared to be unrelated to an
investigative response was recorded as a general behavior. Other general behaviors
included resting (standing still or laying down), locomotion (active movement), and out
of view (subject not visible). Responses to a specific day of peri-estrual urine were paired
with the responses to the pooled diestrous urine during each presentation session.
Extraction and Identification of Volatile Compounds in Male Urine
The same urine samples were used to measure urinary volatile composition and
androgen metabolite concentration. The urinary volatile composition was evaluated first
and urine samples were only thawed once prior to assessing volatile compounds. Male
giant panda urine samples were subjected to solid phase micro-extraction (SPME).
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Briefly, the SPME fibers were conditioned prior to extraction at 250°C for a minimum of
30 minutes. An aliquot of 100 µL of thawed urine was placed in a 10 mL crimp top autosampler vial (Supelco, Bellefonte, PA, USA). A SPME fiber containing a
polydimethylsiloxane coating with an 85 µm film thickness (Supelco, Bellefonte, PA,
USA) was exposed to the headspace (approximately 2 cm above the urine sample) for 2
hours at 70°C to allow for equilibration of the volatile compounds within the vial and
adsorption onto the fiber. SPME fibers were retracted and stored in glass vials at 4°C.
Extracted volatile components adsorbed onto the fiber were analyzed using an Agilent
7890B gas chromatograph (GC) (Agilent Technologies, Santa Clara, CA) with helium as
a carrier gas passing through an Agilent ultra-inert DB-5MS column (30 m x 0.25 mm)
coupled with an Agilent 5977A mass selective detector (MSD). A split/split less injector
was used in split less mode at 300°C and the SPME fiber was allowed to desorb for 40
minutes. The GC oven was kept at 60°C for 2 min, increased to 105°C at 15°C/minute,
from 105 to 165°C at 10°C/minute, from 165 to 290°C at 5°C/minute and then held at
290°C for 4 minutes. Electron impact ionization (EI) was achieved using the Agilent
5977A MSD, with a scan range from 40-450 m/z and a scan rate of 3.5 scan/sec. Blanks
were run every 10 samples to determine background in glass vials and instrument.
Routine maintenance was performed on the GC-MSD according to guidelines listed in
Agilent operating manuals (including tuning the MSD and cleaning the ion source as
needed) to ensure optimal running order.
Chromatographic peaks were integrated and tentatively identified using Agilent
MassHunter Quantitative Analysis (for GC-MS) Workstation Software (Agilent
Technologies, Santa Clara, CA) in conjunction with the Wiley Registry 10th
182

Edition/NIST 2012 Mass Spectral Library. Tentative identification of compounds was
completed by spectral matching of the ion fragmentation pattern. The ions present in the
mass spectra and the relative ratios of the ions to each other in each chromatographic
peak were required to match 80% of the known mass spectra of a compound present in
the Wiley Registry 10th Edition/NIST 2012 Mass Spectral Library (Hagey and
MacDonald, 2003) in order to determine a possible identification.
Urine collected one week prior to the start of the behavior trials for each animal
was considered baseline. Therefore, compounds used for statistical analysis occurred
across all subjects (n=4 subjects during breeding season and n=3 during non-breeding
season) and in at least one urine sample during the trial period. After the baseline volatile
profile was established and the volatile compounds that were consistently present in male
giant panda urine identified, urine samples collected during and within the experimental
period were used to evaluate changes in the relative abundance of compounds when
males were exposed to different days of estrous cycle urine. The relative abundance of
each urinary compound was used to determine changes in the volatile profile. The
relative abundance (%) of each compound was calculated by dividing the peak area of
one compound by the sum of the peak area of all the compounds in that sample ((peak
area / total peak area)*100).
Androgen Enzyme Immunoassay
Urinary androgen metabolites were measured in male giant panda urine collected
prior to the start of behavioral trials, during stimulus exposure, and after the behavioral
trials were complete generating 23-31 urine samples per subject. Urine collected one
week prior to the start of the behavior trials for each animal was considered baseline. The
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concentration of androgen metabolites (ng androgen /mg creatinine) in male giant panda
urine was determined using a single antibody competitive enzyme immunoassay at the
Memphis Zoo as previously described (Gocinski et al., 2017; Knott et al., 2017; Knott et
al., 2013). A selection of 3-5 urine samples was pooled and serially diluted to validate
parallelism between the detection of androgen metabolites to that of known standards.
Polystyrene microtiter plates were coated with anti-androgen polyclonal antibody (R156)
and stored overnight at 4°C (cross-reactivity, 100% androgen, 57% 5alphadihydroandrogen, and <1% of other steroids examined) as previously described (Gocinski
et al., 2017; Knott et al., 2017). Urine samples and androgen-conjugated to horseradish
peroxidase (HRP) were applied to compete for binding sites of the antibodies. Azino-bis3-ethyl benzthiazoline-6-sulfonic acid (ABTS) was used as the substrate and hydrogen
peroxide as the catalyst to detect the percent of hormone specific-HRP conjugate bound
to the antibody using an MRX Revelation microplate reader (ThermoScientific,
Rochester, NY). The concentration of endocrine metabolites was determined by the
inverse of the bound fraction as compared to a standard curve. Appropriately diluted
concentrations of hormones were used for controls and standards. The concentration of
creatinine mg/mL in urine was used to account for variations in water content between
samples. Intra–assay coefficients of variation for low (~25% total binding) and high
(~80% total binding) controls were < 15%. Inter–assay coefficients of variation were
<10%. Serially-diluted urine samples exhibited parallelism to the standard curve and the
spearman’s correlation was statistically significant (r = 0.984 and p<0.01).
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Statistical Analyses
Breeding season and non-breeding season behavioral and physiological data was
analyzed separately because the urinary volatile profile and androgen concentrations are
known to differ during these periods (Dehnhard et al., 2005, 2006; Liu et al., 2013;
Bonney et al., 1982; Chaudhuri et al., 1988; Hodges et al., 1984; Murata 1986; Czekala et
al., 2003; Monfort et al., 1989; Durrant et al., 2003). Due to low sample size, p<0.1 is
defined as markedly significant and p<0.05 is statistically significant. All statistical
analyses were conducted using R Studio and SAS 9.4. Data are displayed as mean ±
standard deviation.
A response ratio was calculated by dividing the time spent (seconds) or count of
the behavior towards the peri-estrual urine box by the total time spent (seconds) or count
of the behavior during the trial period (Response ratio = (estrous box) / (estrous box +
non estrous box)). Therefore, a ratio of 1 would indicate preference towards the box
containing peri-estrual urine, while a ratio of 0 would indicated preference towards the
pooled diestrous urine control box. There is a 50% (0.5) chance that the male giant panda
will choose either box A or box B; therefore, presentation sessions that elicit a nonresponse (no behavioral responses towards either box) were assigned an arbitrary 0.5
value, indicating no preference towards either the peri-estrual urine or control. Due to
low sample size (n=4) and an overall non-normal distribution, determined by the ShapiroWilks test, non-parametric statistical tests were used to analyze the response ratio data. A
Kruskal-Wallis test (non-parametric version of a one-way analysis of variance) was used
to compare the difference in Wilcoxon scores for investigative behavior, bouts of
flehmen, and scent marking events (Kruskal and Wallis, 1952; Whitlock and Schluter,
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2015). A Conover-Iman test (Conover and Inman, 1979; Conover, 1999) with a Holm
correction was used to determine pairwise multiple comparisons of the rank sums. The
Holm correction controls for family-wise error rate (false significance) and therefore
reduces the chance for type 1 errors (Holm, 1979).
Overall patterns for all subjects were analyzed using the Kruskal-Wallis test;
however, due to the small sample size (n=4 in breeding season and n=3 in non-breeding
season), the urinary volatile composition and androgen concentrations were analyzed
separately for each giant panda. Trends within each individual were analyzed using 95%
confidence intervals (CI). Values that are not included in the 95% CI for the pre-trial
(baseline) data were considered different from baseline measures (Boyle et al., 2015;
Powell et al., 2006; Tarou et al., 2005). Baseline values for urinary volatile composition
and androgen concentrations before the trial period were established by a repeated
iterative process, excluding values greater than 1.5 standard deviations from the mean
(Boyle et al., 2015; Brown et al, 1994). While broad generalizations cannot be made
regarding all giant pandas, this technique has been used in other exotic captive species
(Boyle et al., 2015; Brown et al., 1994) and giant pandas (Powell et al., 2006; Tarou et
al., 2005) in order to provide a preliminary understanding of specific responses to
changes in their surroundings.
Results
Behavior Response
Investigative behavior, flehmen response, and scent marking events were
demonstrated by all subjects in the study at least once throughout the experimental
period. Considering both seasons, investigative behaviors lasted for a duration of 1 to 160
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seconds towards the estrous box with an average investigation duration of 8.74 ± 23.5
seconds, while the non-estrous box elicited a duration of 1 to 87 seconds of investigative
behavior with an average investigation duration of 6.50 ± 14.3 seconds. All subjects
showed a preference towards at least one day of peri-estrual urine with respect to
investigative behavior. The male housed at Memphis Zoo showed increased investigative
behavior towards Day -13, Day -3, and Day 0 urine in both the breeding season and nonbreeding season experimental period. All males showed a preference towards those three
urine samples in at least the breeding season or non-breeding season except for the male
housed at Toronto Zoo with respect to investigative behavior. The number of bouts of
flehmen responses towards the estrous box ranged from 1 to 4, with an average of 0.46 ±
0.85 bouts of flehmen and ranged from 1 to 9, with an average of 0.5 ± 1.36 bouts of
flehmen towards the control box. All subjects except for the Toronto Zoo male
demonstrated a preference towards at least one estrous box with respect to flehmen
behavior. Males housed at Memphis Zoo, Zoo Atlanta, and San Diego Zoo showed an
elevated flehmen response towards Day -13, Day -3, and Day 0 peri-estrual urine in at
least one trial period. The number of bouts of scent marking events towards the estrous
box ranged from 1 to 2, with an average of 0.10 ± 0.36 bouts. A single subject responded
to the control once with respect to scent marking behavior. Only males housed at Toronto
Zoo and San Diego Zoo exhibited scent marking behavior within one minute of
investigating the peri-estrual urine sample. In addition, the male housed at San Diego Zoo
was the only subject to perform licking behavior towards the stimuli. The duration of
time spent licking the estrous box ranged from 5 to 22 seconds, while the duration spent
licking the control ranged from 4 to 161 seconds. Other general behaviors including rest
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and locomotion were performed throughout the majority of the experimental period
ranging on average from 97 to 687 seconds and 116 to 774 seconds, respectively.
Responses from subjects housed at Memphis Zoo, Zoo Atlanta, and San Diego
Zoo (n=3 per trial) were pooled and analyzed to determine if males show a preference
towards a particular day of estrous cycle urine during the breeding season. A pairwise
comparison of the investigative behavior response ratio towards specific days of estrous
cycle urine demonstrated significantly greater interest in peri-estrual urine from Day -13,
Day -3, and Day 0 in comparison to other estrous days presented (p=0.0267; Table 5.1;
Figure 5.2A). Flehmen behavior showed a similar trend towards Day -13, Day -3, and
Day 0 urine (p= 0.1214; Figure 5.2B). There were no significant differences between the
days of peri-estrual urine with respect to scent marking behavior (p=0.4644); however, it
follows a similar pattern as the previously described responses as this behavior was also
elicited by exposure to Day -13 urine (Figure 5.2C).
Table 5.1

DAY-13
DAY-2
DAY-3
DAY-6
DAY0
DAY4
DAY9

Pairwise comparison of interest response ratio in specific days of periestrual urine
DAY-1
0.39870
1.00000
0.57210
1.00000
0.05640
0.86760
1.00000

DAY-13
0.05980
1.00000
0.28640
1.00000
1.00000
0.80120

DAY-2
0.09320
1.00000
0.00740
0.20330
1.00000

DAY-3
0.41610
1.00000
1.00000
1.00000

DAY-6
0.03980
0.71370
1.00000

DAY0
1.00000
0.13180

DAY4
1.00000

Pairwise comparison of interest response ratio towards different days of peri-estrual urine
using Conover’s test with a Holm p-value adjustment. Significance levels less than 0.1
are bolded.
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Figure 5.2

Mean response ratio during the breeding season

Mean (A) investigation, (B) flehmen, (C) scent marking response ratio (n=3 males)
during the breeding season. Dotted line indicates no preference at 0.5. Significant
differences in investigation response were found when males were exposed to Day -13,
Day 0, and Day -3 urine samples (*p<0.1; **p<0.05).
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Responses from subjects housed at Memphis Zoo, Zoo Atlanta, and Toronto Zoo
(n=3 per trial) were pooled and analyzed to determine male preference towards a specific
day of peri-estrual urine during the non-breeding season. The Kruskal-Wallis test
revealed no significant differences in investigation (p=0.8854), flehmen (p=0.6003), and
scent marking (p=0.4389) response ratios. While no statistical significance was
determined, behavioral responses during the non-breeding season followed a similar
pattern to the breeding season responses. Day -1, Day -13, Day -6, Day 0, and Day 9
elicited an investigation response from males (Figure 5.5), while flehmen behavior
increased in response to Day -6 urine (Figure 5.6), and scent marking behavior increased
in response to Day -13, Day -1, and Day 4 urine during the non-breeding season (Figure
5.7).
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Figure 5.3

Mean response ratio during the non-breeding season

Mean (A) investigation, (B) flehmen, (C) scent marking response ratio (n=3 males)
during the non-breeding season. Dotted line indicates no preference at 0.5. Significant
differences were not found when males were exposed to urine samples (p>0.05).
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Volatile Response
Thirty one unique compounds were identified in urine of male giant pandas
during the breeding season and 134 compounds during the non-breeding season, 25 of
which occurred in both the breeding season and non-breeding season. The baseline
relative abundance of all compounds prior to the trial ranged from 0.0035±0.0056 for
Memphis Zoo, 0.0023±0.0043 for San Diego Zoo, 0.0013±0.0024 for Toronto Zoo, and
0.0009±0.0020 for Zoo Atlanta during the breeding season. The relative abundance of
each chemical compound was used as a response variable in the 95% CI analysis to
determine if particular compounds were elevated when subjects were exposed to periestrual urine. Out of 165 compounds total, the relative abundance of 37 compounds
exceeded the 95% CI in all subjects per each season (Table 5.3). During the breeding
season, the relative abundance of 3 compounds were significantly elevated in all males
during the trial period compared to baseline values (Table 5.4; Appendix Table 5.7).
Memphis Zoo showed an increase in all three compounds during the breeding season
when the male was exposed to Day -1 and Day 0 urine. All other males only showed an
increase in two compounds at most in response to days of peri-estrual urine. The relative
abundance of Methyl Salicylate (C3) was elevated in all males. C3 increased between 1
and 3 fold for Memphis Zoo and Zoo Atlanta, but increased by 25-fold for Toronto Zoo
and 50-fold for San Diego Zoo when exposed to Day -1 urine. 3-Amino-6-ethyl(5methyl-2-thioxo-thieno[2,3-d]pyrimidin-4-one)carboxylate (C1) was not present in the
baseline measures for any of the males, but was present in the urine of all males when
exposed to Day 9 female urine.
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Table 5.2

Volatile compounds that fall outside of 95% CI in all subjects per season

Breeding season
C1
3-Amino-6-ethyl(5-methyl-2-thioxo-thieno[2,3-d]pyrimidin-4-one)carboxylate
C2
Benzene, ethenylC3
Methyl salicylate
Non-breeding season
C4
(E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB, 1)
C5
1-(1,3-benzodioxol-5-yl)-N-(1,3-benzodioxol-4-ylmethyl)-N-methylpropan-2-amine
C6
1-(2,4,6-Trimethylphenyl)buta-1,3-diene
C7
1(3H)-Isobenzofuranone
C8
1, 1, 5-Trimethyl-1, 2-dihydronaphthalene
C9
1-Decene, 2,4-dimethylC10 2(3H)-Furanone, dihydro-5-methylC11 2-Buten-1-one, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-, (E)C12 2-Isopropyl-5-methyl-1-heptanol
C13 2-Methoxy-4-vinylphenol
C14 2-Pyrrolidinone, 1-methylC15 3-(2-Methylphenoxy)-3-methoxypropyne
C16 3-[4'-(t-Butyl)phenyl]furan-2,5-dione
C17 3-Ethyl-3-methylheptane
C18 3-Furaldehyde
C19 4,6-Dimethyl-2,3-benzofurandione
C20 4-oxo-.alpha.-damascone
C21 6,8-dimethoxy-pyrrolo[3,2,1-hi]indole
C22 Acetic acid, 2-ethylhexyl ester
C23 Benzaldehyde
C24 Benzaldehyde, 3-hydroxy-4-methoxyC25 Benzene, 1,2,4-trichloroC26 Benzene, ethenylC27 Benzothiazole
C28 Bicyclo[2.2.1]hept-2-ene, 1,7,7-trimethylC29 Butanoic acid, 4-chloroC30 Disulfide, dimethyl
C31 Methyl salicylate
C32 N,N-Diformyl-n-butaneamine
C33 Nonanal
C34 Nonane, 2,6-dimethylC35 Pentanal
C36 Phenol, 2,6-dimethoxyC37 Phthalic acid, hex-3-yl isobutyl ester

37 out of 165 volatile compounds identified in male giant panda urine demonstrated
measures outside of the 95%CI of the pre-trial data in all subjects.
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Table 5.3

DAY-13

Specific compounds that increased in relative abundance across all males
when exposed to peri-estrual urine
DAY-6

DAY-3

C2
C8
C13
C25
C28
C34

C8
C10
C11
C12
C13
C19
C25
C34
C37

C5
C13
C20
C23
C27
C31
C33
C35

DAY-2

DAY-1

Breeding Season
C3
Non-Breeding Season
C16
C7
C34
C34

DAY0

DAY4

DAY9
C1

C9
C14
C18
C19
C25
C29

C10
C13
C22

C4
C13
C15
C21
C24
C26
C30
C32
C36

The relative abundance of 3 compounds in the breeding season and 34 compounds in the
non-breeding season increased to a value outside of the 95%CI of the pre-trial data in all
males when exposed to specific days of peri-estrual urine. Codes are listed in Table 5.3.
During the non-breeding season, baseline measures for all compounds before
exposure to peri-estrual urine varied from 0.0007±0.0016 for Memphis Zoo,
0.0006±0.0022 for Toronto Zoo, and 0.0002±0.0009 for Zoo Atlanta. These baseline
values were between 2 and 5 times lower than baseline measures during the breeding
season. 34 compounds were significantly elevated in all males compared to baseline
values (Table 5.4; Appendix: Table 5.8). The majority of compounds during the nonbreeding season are high molecular weight aromatic compounds (44%), cyclic
compounds (18%), and acyclic or straight-chained compounds (24%). Compounds
elevated in response to Day 0, Day -3, Day -6, Day -13, and Day 9 urine were comprised
of at least 50% aromatic compounds. Out of the 34 compounds that demonstrated a
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measure exceeding the 95% CI in all males, exposure to Day -6 urine elicited an increase
in the relative abundance of the greatest number of compounds (10), and both Day -1 and
Day -2 urine elicited an increase in the least number of compounds (2; Table 5.4). 6
compounds increased in male urine when exposed to multiple days of peri-estrual urine.
For example, 2-Methoxy-4-vinylphenol (C13) increased in male urine in 5 out of 8
testing days. The 28 remaining compounds only showed an increase in response to
exposure of one specific day of peri-estrual urine (Table 5.4). The number of compounds
differing in relative abundance in response to trial days varied by institution. Memphis
Zoo demonstrated an elevation in the greatest number of compounds (24 out of 34) when
exposed to Day -3 urine, while 22 out of 34 compounds were elevated for Toronto Zoo,
and 12 out of 34 compounds increased for Zoo Atlanta when males were exposed to Day
-3 urine. Zoo Atlanta showed an increase in the greatest number of compounds when
exposed to Day -6 urine (19 out of 34) and the remaining subjects showed a similar
response in that 20 and 21 compounds increased in male urine when Memphis Zoo and
Toronto Zoo animals were exposed to Day -6 urine, respectively.
Androgen Response
Baseline values for androgen concentration varied from 21.3±6.1 ng/mg
creatinine for the Memphis Zoo, 10.6±6.5 ng/mg creatinine for San Diego Zoo, 34.4±5.1
ng/mg creatinine for Toronto Zoo, and 10.0±5.8 ng/mg creatinine for Zoo Atlanta during
the breeding season. No differences in androgen concentration were demonstrated in
response to peri-estrual urine when analyzing all subjects (Kruskal-Wallis: X2 = 5.9806, n
= 4, df = 10, p = 0.8169). Analysis of samples from each individual revealed androgen
concentrations that were greater than the 95% CI for baseline measures in the breeding
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season (Table 5.5). The individual housed at the Memphis Zoo demonstrated an increase
in androgen concentrations when exposed to Day 0 and Day -3 urine. The male housed at
San Diego Zoo showed nearly a 2.5-fold increase in androgen concentration when
exposed to Day -1 and Day -13 urine compared to baseline; both of which were
significantly elevated according to the CI analysis. No significant changes were
demonstrated in the androgen concentration of the males housed at Toronto Zoo and Zoo
Atlanta during the breeding season (Table 5.5).
Table 5.4

Androgen response of male giant pandas to peri-estrual urine in breeding
season

Animal

Baseline

H

DAY-13

DAY-6

DAY-3

DAY-2

DAY-1

DAY0

DAY4

DAY9

Post

#466

21.3±6.1

23.2

18.1

N/A

31.5*

24.8

17.0

29.4*

24.3

8.7

25.6±4.1

#415

10.6±6.5

N/A

25.3*

6.7

N/A

4.4

21.1*

13.0

N/A

9.4

6.8±4.5

#732

34.4±5.1

24.8

21.0

18.5

25.7

16.0

9.4

29.9

35.0

27.8

40.4±7.6

#461

10.0±5.8

1.9

8.5

3.5

14.7

15.1

3.4

6.0

15.1

1.5

9.6±4.5

Mean ± standard deviation of androgen response of male giant pandas to days of periestrual urine in breeding season. No sample was collected after the Day -6 trial from the
subject housed at Memphis Zoo. No sample was collected after the habitation (H), Day -3
or Day 4 trial from the subject housed at San Diego Zoo. An asterisk (*) indicates that the
measure after the trial day is outside the 95% CI for the data before the trial.
During the non-breeding season, baseline values for androgen concentration
varied from 19.0±2.6 ng/mg creatinine for Memphis Zoo, 14.1±1.6 ng/mg creatinine for
Toronto Zoo, and 27.5±3.4 ng/mg creatinine for Zoo Atlanta. No differences in androgen
concentration were demonstrated in response to peri-estrual urine when analyzing all
subjects (Kruskal-Wallis: X2 = 4.3333, n = 3, df = 10, p = 0.9311). Analysis of samples
from each individual revealed androgen concentrations that were greater than the 95% CI
for baseline measures in the non-breeding season (Table 5.6). All three males (housed at
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Memphis Zoo, Toronto Zoo, and Zoo Atlanta) demonstrated a significant increase in
androgen concentration when exposed to Day -3 urine (p<0.05). Day -13, Day -6, and
Day -3 urine elicited an increase in androgen concentration in the individual housed at the
Memphis Zoo (p<0.05). The male housed at Toronto Zoo showed an increase in response
to Day 0, Day -3, and Day 4 urine, while the male housed at Zoo Atlanta showed elevated
androgen concentrations in response to Day -1, Day -13, Day -6, Day 9, Day -2, Day -3,
and Day 4 urine when compared to baseline values (p<0.05; Table 5.6).
Table 5.5

Androgen response of male giant pandas to peri-estrual urine in nonbreeding season

Animal

Baseline

H

DAY-13

DAY-6

DAY-3

DAY-2

DAY-1

DAY0

DAY4

DAY9

Post

#466

19.0±2.6

25.6

28.7*

29.4*

25.7*

11.7

13.5

9.9

9.6

N/A

14.0±3.4

#732

14.1±1.6

16.8

16.2

14.3

23.1*

15.6

14.8

20.2*

18.3*

7.1

20.3±3.5

#461

27.5±3.4

42.0

65.4*

32.2*

41.3*

43.6*

40.1*

19.4

32.8*

60.7*

37.3±13.8

Mean ± standard deviation of androgen response of male giant pandas to days of periestrual urine in non-breeding season. No sample was collected after the Day 9 trial from
the subject housed at Memphis Zoo. An asterisk (*) indicates that the measure after the
trial day is outside the 95% CI for the data before the trial.
Discussion
Findings generated from this study suggest that male giant pandas are able to
discriminate between specific days of peri-estrual urine as determined by an increase in
investigative behavior accompanied by a modified volatile composition and an elevation
in urinary androgen concentration. Although previous studies have described that males
elicit changes in behavior in response to female urine (Swaisgood et al., 1999; Swaisgood
et al., 2002); this is the first study to demonstrate the discrimination abilities of male
giant pandas to specific days of peri-estrual urine as well as identified physiological
responses to peri-estrual urine.
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Significant differences in the duration of olfactory investigation and bouts of
flehmen were shown towards Day -13, Day -3, and Day 0 peri-estrual urine samples. On
average, Day -13 urine elicited the greatest duration of investigative behavior. This
finding coincided with previous studies on female reproductive behavior. During the
ovarian cycle, the frequency of female urinations has been shown to increase from 6 days
prior to ovulation and 3 days post ovulation. In addition, female scent marking typically
occurs 6-13 days prior to peak estrogen concentration followed by a decrease prior to
ovulation (McGeehan et al., 2002; Lindburg et al., 2001). It is probable that male giant
pandas would be interested in urine approximately two weeks prior to ovulation.
Chemical cues must be deposited in advance in order for male and female giant pandas to
locate conspecifics during the breeding season. In this study, male giant pandas only
showed a preference for a particular peri-estrual urine sample during the breeding season.
Previous behavior studies have demonstrated season specific behavioral responses in
giant pandas as subjects were able to discriminate sex via urine samples during the
breeding season (February to April) and were unable to do so during the non-breeding
season (August) (White et al., 2004). Investigative behavior and flehmen responses
demonstrate preferences of urine and odor by giant pandas in previous studies
(Swaisgood et al., 1999; Swaisgood et al, 2000; Swaisgood et al., 2002; White et al.,
2002; White et al., 2003; White et al., 2004). Male giant pandas tend to show more
interest in conspecific scent, especially female urine, when compared to female
individuals (Swaisgood et al., 1999) and will respond to female odors with investigation,
licking, scent marking, and vocalizing behaviors (Swaisgood et al., 2000). Male giant
pandas also demonstrate increased sniffing and flehmen behavior in response to estrous
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urine more so than females (Swaisgood et al., 2002). Males in this study showed
significant investigatory and flehmen behavior during the breeding season in response to
specific days of peri-estrual urine. While statistical significance was lacking in the nonbreeding season trials, similar patters were exhibited.
Licking behavior was only demonstrated by the male giant panda housed at San
Diego Zoo; therefore, this behavior was not included in the statistical analysis. Licking is
thought to stimulate the movement of pheromones to the vomeronasal organ (reviewed
by Doving and Trotier, 1998). The vomeronasal organ will then detect pheromones and
transfer information to other areas of the brain for message interpretation (Dulac and
Wagner, 2006; Dulac and Torello, 2003; Buck, 2000). Thus, this behavior may be
indicative of a pheromone response, even though it was only elicited by a single giant
panda. The male giant panda housed at San Diego Zoo is the only wild born giant panda
in this study and has been a successful natural breeder in captivity (Zhong, 2016).
Previous giant panda behavioral studies have demonstrated that licking behavior is a
differential response towards urine and odor (Swaisgood et al, 2000; Swaisgood et al.,
2002; White et al., 2002; White et al., 2003). While grand conclusions cannot be made
based off of one individual, the investigatory behaviors exhibited by a successful
breeding male giant panda should also be considered.
Changes in the urinary volatile profile of male giant pandas were evident when
individuals were exposed to female peri-estrual urine. The relative abundance of
compounds and the number of compounds that increased in response to peri-estrual urine
differed across seasons and among individuals. Particular days of estrous cycle urine
appeared to elicit greater changes than others. Unique volatile compounds increased in
199

relative abundance when male giant pandas were exposed to Day -1 and Day -13 urine
samples in the breeding season and Day -6 and Day -3 urine in the non-breeding season,
suggesting that male giant pandas may be responding to pre-ovulatory females with
particular chemical cues. Investigation and flehmen responses also followed an
increasing trend in response to Day -6 urine in the non-breeding season. Changes in the
chemical profile were more obvious during the non-breeding season compared to the
breeding season season. This study also found evidence of this as the number of volatile
compounds in male giant panda urine was nearly four times greater during the nonbreeding season urine collections compared to the breeding season. Scent marking
behavior in males has been shown to increase in frequency beginning in October and
continues through the breeding season (Aitken-Palmer et al., 2012) suggesting that the
time prior to peak breeding period is used for olfactory communication. Female urine
from earlier in the estrous cycle may contain pheromone candidates that elicit a volatile
response from males, giving them time to adequately signal reproductive status and
locate potential mates. As giant pandas roam through the forest to locate potential mates,
specific compounds in urine may serve as attractants to females that have already
communicated reproductive status.
During the breeding season, significant elevations in androgen concentrations
were demonstrated in 2 out of 4 individuals. Day -1 and Day -13 urine elicited an
increase in androgen concentration in the male housed at San Diego Zoo, while Day 0
and Day -3 urine prompted a rise in androgen concentration from the Memphis Zoo male.
During the non-breeding season, all three males exhibited an increase in androgen
concentration in response to Day -3 urine. Female giant pandas are seasonal breeders as
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they demonstrate a clear estrus period at some point during February to May (AitkenPalmer et al., 2012). Androgen concentrations in males have been shown to slightly
increase around mid-July and remain at moderate levels until an increase occurring in late
October (Aitken-Palmer et al., 2012), increase at the start of the mating season and peak
during February (Macdonald et al., 2006), and remain elevated from January through
June (Kersey et al., 2010). The non-breeding season experimental period may be more
accurately described as the pre-breeding season as the trial periods occurred when
androgen concentration is typically high (Aitken-Palmer et al., 2012). The presence of a
female and/or female conspecific odors also elicit an increase in androgen concentration
in male mice (Macrides et al., 1975; Batty, 1978; Amstislavskaya and Popova, 2004), rats
(Amstislavskaya and Popova, 2004; Bonilla-Jaime et al., 2006), hamsters (Macrides et
al., 1974), marmosets (Ziegler et al., 2005), and macaques (Cerda-Molina et al., 2006).
Similar to the behavioral responses, Day -3 urine appears to elicit changes in androgen
concentrations during both breeding season and non-breeding season. Results indicate
that female urine contains volatile compounds that may be serving as pheromones by
stimulating a physiological response in male giant pandas.
Conclusions
The crucial role that pheromones play in reproduction across domestic and
agricultural species is widely understood (Rekwot et al., 2000); however, less is known
regarding the use of such pheromones to increase conservation of exotic species
(Campbell-Palmer and Rosell, 2011). Applied behavioral studies with both captive and
wild animals is becoming vital to better understand and implement increased animal
welfare and conservation (Swaisgood, 2007). While several studies tend to identify the
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potential relationship between chemical communication research and conservation, few
have implemented experimental behavioral studies that alter olfactory communication
and thus could be applied to conservation efforts (Campbell-Palmer and Rosell, 2011).
By manipulating captive breeding conditions, possibly through the use of olfactory cues,
reproductive success has the potential to increase dramatically as is the case with giant
pandas (Swaisgood et al., 2004). Furthermore, if we understand not only the type of
signal produced by a species, but also the precise timing of those signals, we can apply
this knowledge to better manage reproduction of our captive populations (Swaisgood and
Schulte, 2010). Experimental investigation of odor preferences in captive populations
have led to a better understanding of how chemical communication research can be
applied to conservation management. For example, odor familiarity was found to play an
important role in the mate selection in the pygmy loris (Fisher et al., 2003).
In general, behavioral responses were more profound during the breeding season
season, while physiological responses were greater during the non-breeding season. The
action of investigation and flehmen may be an immediate response in order to locate
sexually receptive females during the time that most females would be in estrus, breeding
season. In contrast, physiological measures are long-term responses to females in estrus
and may be necessary during the pre-breeding period to facilitate successful mating in the
breeding season. All three responses, behavioral, volatile, and hormonal were elicited by
Day -13, Day -3 and Day 0 urine samples. It is likely that pheromone candidates present
in female urine are eliciting these responses. While the precise signals are unknown, one
can speculate that chemical signals about 13 days prior to ovulation indicate preliminary
reproductive condition, 3 days prior to ovulation may suggest sexual receptivity, and
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lastly chemical signals in urine on Day 0 likely specify ovulation to conspecifics. Male
behavioral and physiological responses to these crucial time points in the female estrous
cycle have useful implications for conservation management. Exposure of males to Day 13, Day -3, and Day 0 peri-estrual urine may be beneficial for enhancing the natural
breeding environment as well as promoting sexual motivation prior to semen collections.
Determining what days of the estrous cycle strongly attract male giant pandas
may aid in the successful use of urine in priming a male panda for semen collection,
introducing new breeding pairs, and show a biological response to chemical
communication between male and female giant pandas. Male giant panda behavioral and
physiological responses to specific days of peri-estrual urine demonstrate the need for
further research to determine which compounds could be acting as sex pheromones in
this species. Ongoing studies aim to characterize the volatile compounds through
SPME/GC-MS present in the peri-estrual urine used in these behavior trials that will
directly relate to possible pheromone production by females that elicited male behavioral
responses.
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CHAPTER VI
MALE GIANT PANDA BEHAVIORAL AND PHYSIOLOGICAL RESPONSES TO
COMPOUNDS ISOLATED IN PERI-ESTRUAL URINE
Abstract
Chemical cues in urine are thought to play an important role in mate identification
in the solitary giant panda (Ailuropoda melanoleuca). During the spring breeding season,
females will deposit chemical cues to advertise sexual receptivity to potential mates. The
goal of this study is to determine if female urine contains sex pheromones that initiate
sexual motivation. We hypothesize that a specific compound motivates sexual behaviors
and physiological responses in males. Captive male giant pandas (n=3) were exposed to
octanoic acid, pyrrole-2-carboxaldehyde, decanoic acid, and civetone during the breeding
season (May) and non-breeding season (December). Urine samples were collected one
week prior, during, and one week after the experimental period to assess physiological
responses of male giant pandas. The concentration of testosterone metabolites in male
giant panda urine was determined using a single antibody competitive enzyme
immunoassay. Volatile compounds in male urine were extracted using solid phase
microextraction and identified by gas chromatography/mass spectrometry. Male giant
pandas displayed the greatest olfactory investigation in response to decanoic acid and
civetone. Similarly, male giant pandas demonstrated an increase in testosterone
concentration when exposed to civetone. The male urinary volatile profile contained 18
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compounds during the breeding season and 14 compounds during the non-breeding
season that increased with respect to relative abundance during the trial period. Given the
increased behavioral and physiological responses to these estrus-specific compounds, we
suggest decanoic acid and civetone may contribute to the pheromone composition in
giant panda urine. These behavioral and physiological bioassays aim to provide support
for the presence of pheromones in giant panda urine that are used to communicate sexual
receptivity during the breeding season. Confirmation of pheromone candidates in female
urine can not only be used to better understand giant panda chemical communication, but
also be implemented in both wild and captive conservation efforts.
Introduction
While bioassays performed in the field will likely provide the most valuable
information for the confirmation of pheromones, studies using captive animals can still
supply important evidence of pheromones (Müller-Schwarze, 1977). Bioassays to
investigate mammalian pheromones in laboratory and agricultural animals have been
conducted, but it is rare that similar methods can be implemented with exotic species,
especially if the species is endangered or vulnerable. Bioassays through the exposure of
specific chemicals to confirm the role they are thought to play as pheromones in
mammals have been conducted with laboratory species such as mice (Achiraman and
Archunan, 2006), the Mongolian gerbil (Thiessen et al., 1974), and the golden hamster
(Singer et al., 1976). Behavior assays exposing male mice to the female urinary proestrus
and estrus specific compound, 1-iodo-2methyl undecane (1I2MU), elicited male sexual
behaviors (Achiraman & Archunan, 2006). Phenylacetic acid is the active component of
the ventral scent marking gland of the male Mongolian gerbil; this compound initiated
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behavioral responses in males (Thiessen et al., 1974). Vaginal secretions of female
hamsters in estrus contain dimethyl disulfide, which upon exposure to males increased
approaching, sniffing, and digging behaviors similar to those shown when exposed to the
natural secretion (Singer et al., 1976). Similar methods have been employed in domestic
and agricultural animals including, dogs (Goodwin et al., 1979), horses (Buda, 2012),
bovine (Le Danvic, 2015, Sankar et al., 2007), buffalo (Rajanarayanan and Archunan,
2011), and felines (Miyazaki, 2008). Female canine vaginal secretions contain methyl phydroxybenzoate which when applied to the vulva of anestrous or spayed females will
stimulate mounting behavior in male dogs (Goodwin et al., 1979). The ovarian cycle
dependent compound, p-cresol, elicited behavioral responses such as sniffing and
erection levels, from stallions when spiked into diestrus female urine samples (Buda,
2012). Estrus specific compounds in cow urine, 1,2-dichloroethylene, squalene, 2butanone, and oleic acid, decreased mounting reaction time and ejaculation time and
increased sperm quantity (Le Danvic, 2015). Similarly, the estrus specific compound
identified in cow saliva, trimethylamine, is utilized for mate attraction (Sankar et al.,
2007). In addition, pheromones identified in female buffalo urine, 9-octadecenoic acid
and 4-methyl phenol, stimulate penile erection and mounting behavior and olfactory
investigation and flehmen behavior in bulls, respectively (Rajanarayanan and Archunan,
2011). The felinine derivative, 3-mercapto-3-methyl-1-butanol, causes increased
investigation and licking from male cats (Miyazaki, 2008).
Few studies have demonstrated the use of bioassays to confirm pheromonal
activity in exotic species; however, the rhesus monkey demonstrated increased mounting
behavior when exposed to five fatty acids contained in vaginal secretions (Curtis et al.,
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1971) and the pronghorn showed increased marking behavior when exposed to isovaleric acid found in the subauricular gland (Müller-Schwarze et al., 1974), in both cases,
behavioral responses were elicited by specific compounds used to communicate
information to conspecifics. One of the most extensive investigations into a mammalian
chemosensory molecule is the work done on (Z)-7-Dodecen-1-yl Acetate, the sex
pheromone of the female Asian elephant. This research included substantial bioassays
with isolated components of estrous cow urine, which elicited flehmen-like responses
from adult bulls (Rasmussen et al., 1982, Rasmussen et al., 1997) and with
cyclohexanone, a component of the male Asian elephant temporal gland, which evoked
behavioral responses from females (Perrin and Rasmussen, 1994).
During the spring breeding season, the characteristically isolated giant panda
(Ailuropoda melanoleuca) will pursue a mate by detecting chemical cues left behind in
scent marks and urine that are deposited on trees and rocks by conspecifics (Czekala et
al., 2003; Kleiman et al., 1983; Schaller et al., 1985). It has been hypothesized that male
giant pandas are able to discriminate between estrous and non-estrous urine and identify
the stage of sexual receptivity prior to ovulation (Swaisgood et al., 2002; Schaller at al.,
1985). Chemicals excreted in female urine are also thought to activate sexual motivation
in the male (Swaisgood et al., 2000, 2002). While previous research suggests that specific
urinary volatile compounds vary with season (Dehnhard et al., 2005, 2006; Liu, 2013),
sex, and age (Liu, 2013), the role of these compounds as pheromones remains unknown.
As odors become increasingly relevant for sexual motivation, captive pandas may benefit
from a greater opportunity to chemically communicate information to their potential mate
(Swaisgood et al., 2000).
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Recent studies have investigated the chemical composition of anogenital gland
secretions, but few have delved into the volatile chemical profile within urine. The
chemical composition of anogenital gland secretions may contain an “odor fingerprint”
which suggests that synthetic chemosignals could be useful in controlling the behavior
and physiology of pandas, especially during the breeding season (Zhang et al., 2008).
Chemical profiles of anogenital gland secretions supply information about sex and age
(Yuan et al., 2004), gender and individuality (Hagey and Macdonald, 2003), and
individual chemical signatures (Swaisgood et al., 1999). Previous studies suggest urinary
chemical cues are associated with kinship (Liu et al., 2008), sex (Liu, 2013), and season
(Liu, 2013; Dehnhard et al., 2005, 2006). Dennhard et al. (2006) determined that estrous
urine from giant panda, brown bear, and spectacled bear contained medium-chain fatty
acids that increased with the seasonal increase of estrogen. Specifically in giant panda
urine, octanoic acid, decanoic acid, and dodecanoic acid increased during the breeding
season. An increase in these fatty acids may be an estrus indicator and serve as a
pheromone to attract males (Dehnhard et al., 2005, 2006). In particular, decanoic acid
increased in conjunction with the characteristic rise in urinary estrogen concentration in
female giant pandas and civetone tended to be in greater concentrations during the
summer months (Dehnhard et al., 2005). Several studies suggest the type of information
(reproductive status, kinship, sex, and identity) that giant pandas can gather from
chemosensory molecules found in scent marks and urine. However, bioassays using
identified compounds are necessary to confirm the presence of pheromonal activity.
Chemical communication in the giant panda has been extensively studied;
however, little is known about specific compounds that could be eliciting behavioral
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responses. Bioassays confirming the presence of potential pheromones, or at least
chemosensory molecules in urine and scent marks have been conducted extensively in
giant pandas (Liu, 2005, Swaisgood et al., 2002, Swaisgood et al., 2000, Swaisgood et al.,
1999, White et al., 2004, White et al., 2003, White et al., 2002). Decanoic acid, octanoic
acid, and civetone have been identified in giant panda urine and the fatty acids have been
shown to increase in peri-estrual urine (Chapter II, Dehnhard et al., 2005, 2006).
Octanoic acid has also been identified giant panda scent marks (Hagey and McDonald,
2003). 1H-pyrrole-2-carboxaldehyde has also been identified in giant panda peri-estrual
urine (Chapter II). This study aims to determine if a specific compound identified in
female giant panda urine elicits responsive behaviors in males. We hypothesized that
volatile compounds identified in female peri-estrual urine (octanoic acid, pyrrole-2carboxaldehyde, decanoic acid, and civetone) contribute to the sexual behavior of males.
Responsive behaviors include olfactory investigation and flehmen behavior. The
physiological response of male giant pandas to specific compounds was also investigated,
including changes in urinary testosterone metabolite concentration and changes in the
urinary volatile profile. Specific molecules are tested to determine their role in the odor
of giant panda urine. We anticipate investigative behaviors, increases in testosterone
concentration, and changes in the volatile compounds excreted by males in response to
specific compounds, thus confirming their role as potential pheromones in giant panda
urine. To our knowledge, this is the first study to expose authentic standard compounds to
male giant pandas. Not only will giant panda chemical communication be better
understood as a result of this study, but managers can use this information to identify
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reproductive status of individuals and initiate sexual motivation in captive breeding
programs.
Methods and Materials
Behavior trials were completed in 2016 with male giant pandas housed at
Memphis Zoo (Studbook#466), Zoo Atlanta (Studbook #461), and San Diego Zoo
(Studbook #415). At the time of the study, all male giant pandas were over 10 years of
age (Zhong, 2016) and considered to be sexually mature (Schaller et al., 1985). All
individuals received water ad libitum and bamboo with slight differences in daily diet
occurring at each institution. The female breeding partner at each zoo was housed
separately from the male during the experimental trial. This study was conducted in
accordance with Memphis Zoo’s Institutional Animal Care and Use Committee (#201404).
Experimental Procedure for Behavioral Trials
A trial consisted of 4 presentation sessions for 15 minutes once a day.
Presentation sessions occurred every other day for 8 days with a rest day (no
presentation) in between each presentation session. Two perforated Plexiglas boxes were
mounted in location A and B on the outside of the enclosure fence (1 m apart; consistent
throughout experimental period) and 35 mm petri dishes were placed in each box. Two
empty boxes were mounted in location A and location B for a minimum of 15 minutes
one day prior to testing in order to familiarize the male to the boxes.
After the habituation day (no sample), each presentation session enlisted a
different synthetic urine sample containing a select volatile compound compared to a
216

negative control (synthetic urine without select compound). Octanoic acid (Sigma
Aldrich, >98% purity), 1H-Pyrrole-2-Carboxaldehyde (Sigma Aldrich, 98% purity),
Decanoic acid (Sigma Aldrich, >98% purity), and 9-cycloheptadecen-1-one, (z)(Civetone, Crescent Chemical, 99% purity) were presented to male giant pandas during
behavior trials. Each compound was diluted in Ricca Chemical Synthetic Urine Solution
(Fisher Scientific) to mimic natural peri-estrual urine concentration resulting in a
chemically treated synthetic urine sample. Compounds were presented to male giant
pandas individually once per day and the presentation order of compounds was assigned
using a random number generator. Flipping a coin prior to the start of the trial for each
day randomly chose sample placement. A volume of 1 mL of chemically treated synthetic
urine or untreated synthetic urine was pipetted onto the appropriate petri dish inside the
box. The session commenced when the giant panda entered the enclosure area. Video
recording was performed from outside of the enclosure for the duration of the session (15
minutes).
Continuous behavior sampling was used to analyze the male behavior responses
to chemically-treated synthetic urine. Behaviors indicative of olfactory responses towards
the urine stimuli were recorded. Investigation of the urine sample was defined as facing
the perforated side of the Plexiglas box, placing the nose within 5cm of the box and
actively inhaling and/or smelling. The number of bouts of flehmen behavior was noted
when the male giant panda was facing the box and curled his upper lip. Investigation was
recorded in duration (seconds) and the count of flehmen responses were noted
continuously throughout the 15 minute trial. Responses to a specific compound were
paired with the responses to the synthetic urine control during each presentation session.
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Urine from male giant pandas was collected daily 1 week prior, during, and 1
week after each behavior trial. In order to attribute the volatile composition and androgen
response to the stimulus exposure, only urine samples collected after the presentation
sessions each day were used for analyses. Urine was collected from the floor of indoor
enclosures by use of a sterile syringe and transferred to a clean-labeled tube. Urine
collection was subject to keeper availability and animal cooperation. Urine samples were
stored at -20°C as soon as possible after collection. After the trial, all video recordings
and urine samples were shipped to Mississippi State University for subsequent analysis.
Extraction and Identification of Volatile compounds in Male Urine
The same urine samples were used to measure urinary volatile composition and
androgen metabolite concentration. The urinary volatile composition was evaluated first
and urine samples were only thawed once prior to assessing volatile compounds. Male
giant panda urine samples were subjected to solid phase micro-extraction (SPME). Prior
to extraction, the SPME fiber was conditioned at 250°C for a minimum of 30 minutes.
An aliquot of 100 µL of thawed urine was placed in a 10 mL crimp top auto-sampler vial
(Supelco, Bellefonte, PA, USA). A SPME fiber containing a polydimethylsiloxane
coating with an 85 µm film thickness (Supelco, Bellefonte, PA, USA) was exposed to the
headspace (approximately 2 cm above the urine sample) for 2 hours at 70°C to allow for
equilibration of the volatile compounds within the vial. SPME fibers were retracted and
stored in glass vials at 4°C. Extracted volatile components adsorbed onto the fiber were
analyzed using an Agilent 7890B gas chromatograph (GC) (Agilent Technologies, Santa
Clara, CA) with helium as a carrier gas passing through an Agilent ultra-inert DB-5MS
column (30 m x 0.25 mm) coupled with an Agilent 5977A mass selective detector
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(MSD). A split/split less injector was used in split-less mode at 300°C and the SPME
fiber was allowed to desorb for 40 minutes. The GC oven was kept at 60°C for 2 min,
increased to 105°C at 15°C/minute, from 105 to 165°C at 10°C/minute, from 165 to
290°C at 5°C/minute and then held at 290°C for 4 minutes. Electron impact ionization
(EI) was achieved using the Agilent 5977A MSD, with a scan range from 40-450 m/z and
a scan rate of 3.5 scan/sec. Instrument blanks (no injection) were completed between
institutions to prevent instrument contamination across samples. Empty glass vials
underwent solid phase micro extraction concurrent with about every 10 urine samples to
identify any chromatographic peaks occurring from the fiber and/or glass vial used for
extraction. Any chromatographic peaks present in the blank glass vials were subtracted as
background from the urine sample results. Routine maintenance was performed on the
GC-MSD according to guidelines listed in Agilent operating manuals (including tuning
the MSD and cleaning the ion source as needed) to ensure optimal running order.
Chromatographic peaks were integrated and tentatively identified using Agilent
MassHunter Quantitative Analysis (for GC-MS) Workstation Software (Agilent
Technologies, Santa Clara, CA) in conjunction with the Wiley Registry 10th
Edition/NIST 2012 Mass Spectral Library. In order to accurately tentatively identify
compounds, the ions present in the mass spectra and the relative ratios of the ions to each
other in each chromatographic peak were required to match 80% of the known mass
spectra of a compound present in the Wiley Registry 10th Edition/NIST 2012 Mass
Spectral Library (Hagey and MacDonald, 2003). Once identified, biologically irrelevant
compounds (instrument contamination, cleaning agents, and plasticizers) were removed.
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Urine collected one week prior to the start of the behavior trials for each animal
was considered baseline. Urine was not collected for the male housed at Zoo Atlanta;
therefore, urine samples collected during both trials (n=2) at Memphis Zoo and one trial
at San Diego Zoo were used for volatile and androgen concentration analysis.
Compounds used for statistical analysis occurred across all trials (n=3 trials) and in at
least one urine sample during the trial period. After the baseline volatile profile was
established and the volatile compounds that were consistently present in male giant panda
urine identified, urine samples collected during and within the experimental period were
used to evaluate changes in the relative abundance of compounds when males were
exposed to different chemical compounds. The relative abundance of each urinary
compound was used to determine changes in the volatile profile. The relative abundance
(%) of each compound was calculated by dividing the peak area of one compound by the
sum of the peak area of all the compounds in that sample ((peak area / total peak
area)*100).
Androgen Enzyme Immunoassay
The concentration of androgen metabolites (ng androgen /mg creatinine) in male
giant panda urine was determined using a single antibody competitive enzyme
immunoassay (EIA) (as previously described in Chapter 5). A selection of 3-5 urine
samples was pooled and serially diluted to validate parallelism between the detection of
testosterone metabolites to that of known standards. Polystyrene microtiter plates were
coated with anti-testosterone polyclonal antibody (R156) and stored overnight at 4°C
(cross-reactivity, 100% testosterone, 57% 5alpha-dihydrotestosterone, and <1% of other
steroids examined). Urine samples and testosterone-conjugated to horseradish peroxidase
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(HRP) were applied to compete for binding sites of the antibodies. Azino-bis-3-ethyl
benzthiazoline-6-sulfonic acid (ABTS) was used as the substrate and hydrogen peroxide
as the catalyst to detect the percent of hormone specific-HRP conjugate bound to the
antibody using an MRX Revelation microplate reader (ThermoScientific, Rochester,
NY). The concentration of endocrine metabolites was determined by the inverse of the
bound fraction as compared to a standard curve. Appropriately diluted concentrations of
hormones were used for controls and standards. The concentration of creatinine mg/mL
in urine was used to account for variations in water content between samples. Intra–assay
coefficients of variation for low (~25% total binding) and high (~80% total binding)
controls were < 10%. Inter–assay coefficients of variation were <15%. Serially-diluted
urine samples exhibited parallelism to the standard curve and the spearman’s correlation
was statistically significant (r = 0.981 and p<0.01). All enzyme immunoassays were
completed at the Memphis Zoo.
Statistical Analyses
A response ratio was calculated by dividing the time spent (seconds) or count of
the behavior towards the compound box by the total time spent (seconds) or count of the
behavior during the trial period (Response ratio = (compound box) / (compound box +
control box)). Therefore, a ratio of 1 would indicate preference towards the box
containing a specific compound, while a ratio of 0 would indicated preference towards
the control (synthetic urine) box. There is a 50% (0.5) chance that the male giant panda
will choose either box A or box B; therefore, presentation sessions that elicit a nonresponse (no behavioral responses towards either box) were assigned an arbitrary 0.5
value, indicating no preference towards either the compound or control. Due to low
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sample size (n=3) and an overall non-normal distribution, determined by the ShapiroWilks test, non-parametric statistical tests were used to analyze the response ratio data. A
Kruskal-Wallis test (non-parametric version of a one-way analysis of variance) was used
to compare the difference in Wilcoxon scores for investigative and flehmen behavior
(Kruskal and Wallis, 1952; Whitlock and Schluter, 2015). A Conover-Iman test (Conover
and Inman, 1979; Conover, 1999) with a Holm correction was used to determine pairwise
multiple comparisons of the rank sums. The Holm correction controls for family-wise
error rate (false significance) and therefore reduces the chance for type 1 errors (Holm,
1979). Due to low sample size, p<0.1 is defined as markedly significant and p<0.05 is
statistically significant. All statistical analyses were conducted using R Studio and SAS
9.4. Data are displayed as mean ± standard deviation.
Baseline urinary volatile profile composition and androgen concentration were
established by collecting urine one week prior to the start of the behavior trials. Due to
the small sample size (n=4 in spring and n=3 in non-breeding season), the urinary volatile
composition and androgen concentrations were analyzed separately for each giant panda.
Trends within each individual were analyzed using 95% confidence intervals (CI). Values
that are not included in the 95% CI for the pre-trial (baseline) data were considered
different from baseline measures (Boyle et al., 2015; Powell et al., 2006; Tarou et al.,
2005). Baseline values for urinary volatile composition and androgen concentrations
before the trial period were established by a repeated iterative process, excluding values
greater than 1.5 standard deviations from the mean (Boyle et al., 2015; Brown et al,
1994). While broad generalizations cannot be made regarding all giant pandas, this
technique has been used in other exotic captive species (Boyle et al., 2015; Brown et al.,
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1994) and giant pandas (Powell et al., 2006; Tarou et al., 2005) in order to provide a
preliminary understanding of specific responses to changes in their surroundings.
Results
Male behavior trials were completed during 2016 at Memphis Zoo, Zoo Atlanta,
and San Diego Zoo. Male giant pandas (n=3) were presented with a simultaneous choice
test between a specific compound identified in female urine and synthetic urine (control).
Urine was collected from male giant pandas one week prior, within the trial, and one
week after the behavior trials were completed. Urine samples were measured in order to
determine a physiological response to particular compounds through changes in androgen
metabolite concentration as well as changes in the urinary volatile profile.
Behavior Response
Olfactory investigative behaviors including the duration of investigation (facing
the perforated side of the Plexiglas box, placing the nose within 5cm of the box and
actively inhaling and/or smelling) and the number of bouts of flehmen behavior (facing
the box and curling his upper lip) were recorded and used for analysis. When analyzing
the response ratio, a value of 0.5-1 indicates preference towards the compound box, a
value of 0.5 indicates no preference, and a value of 0-0.5 indicates preference for the
control box.
In general, giant pandas spent little time investigating the particular compounds.
The greatest duration of seconds a male giant panda spent investigating a stimulus was 8
seconds performed by the subject housed at Memphis Zoo in response to exposure to
Civetone. Out of 16 trials total, 62% of the investigation responses were directed towards
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the stimulus box. The control box elicited a non-response (0 sec duration of investigation)
in 44% of the trials. Flehmen behavior responses were less frequent compared to
investigative. The greatest counts of flehmen behavior (2 counts) was performed by the
subject housed at Zoo Atlanta in response to 1H-Pyrrole-2-Carboxaldehyde. The majority
of the trials did not elicit a flehmen response. Flehmen responses ranged from 1 count to
2 counts for the 16 trials total.
Responses from the trials conducted at Memphis Zoo, Zoo Atlanta, and San
Diego Zoo (n=3 per trial) were pooled and analyzed to determine male preference
towards a specific compound. Significant differences were demonstrated by male giant
pandas with respect to investigative response ratios (Kruskal-Wallis X2 = 5.5786, df = 3,
p-value = 0.134; Figure 6.1a). A pairwise comparison of the investigative behavior
response ratio towards the compounds demonstrated significantly greater interest in
civetone (Table 6.1). Civetone and decanoic acid elicitied an increase in investigative
response from male giant pandas. The Kruskal-Wallis test revealed no significant
differences in flehmen (Kruskal-Wallis X2 = 1.4926, df = 3, p-value = 0.684) response
ratios (Figure 6.1b); however, civetone was the only compound that elicited an increased
flehemen response ratio compared to the other compounds exposed to male giant pandas.
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Figure 6.1

Response ratio to compounds

Mean (A) investigation and (B) flehmen response ratio (n=4 males). Dotted line indicates
no preference at 0.5. Significant differences in investigation response were found when
males were exposed to compounds (*p<0.1).
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Table 6.1

Pairwise comparison of investigation response ratio in response to
compound exposure

Compound
1H-Pyrrole-2-carboxaldehyde
Civetone
Decanoic Acid
Civetone
0.20
Decanoic Acid
0.55
0.86
Octanoic Acid
0.86
0.38
0.86
Pairwise comparison of investigation response ratio towards compounds using Conover’s
test with a Holm p-value adjustment.
Androgen Response
The concentration of androgen metabolites (ng androgen /mg creatinine) was
determined using an enzyme immunoassay in male giant panda urine collected one week
prior, during, and after the behavior trial. Responses from males housed at Memphis Zoo
(n=2 trials) and San Diego Zoo were pooled to investigate preference for compounds.
Baseline values for androgen concentration varied from 20.04±8.69 ng/mg creatinine for
the first trial with Memphis Zoo (T1), 16.05±6.627 ng/mg creatinine for the second trial
with Memphis Zoo (T2), and 7.874±6.339 ng/mg creatinine for San Diego Zoo. Analysis
of samples from each individual revealed androgen concentrations that were greater than
the 95% CI for baseline measures. The individual housed at San Diego Zoo was the only
subject to demonstrate an increase in androgen concentration when exposed to 1HPyrrole-2-Carboxaldehyde, Decanoic acid, and Civetone. The androgen concentration of
the male housed at San Diego Zoo increased from baseline by 8.5 fold when exposed to
Civetone (Table 6.2)
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Table 6.2

Androgen response of male giant pandas to compounds

Institution

Baseline

Memphis Zoo (T1) 20.04±8.69
Memphis Zoo (T2) 16.05±6.627
San Diego Zoo
7.874±6.339

H

T1

T2

T3

T4

Post-Trial

N/A
12.46
N/A

N/A
14.86
1.517

7.966
5.262
24.51*

10.33
6.238
39.86*

17.42
8.037
60.73*

21.53±12.62
5.053±2.733
N/A

Mean ± standard deviation of androgen response of male giant pandas to compounds. No
sample was collected after the habitation (H) or Octanoic acid during the first trial from
the subject housed at Memphis Zoo. No sample was collected after the habitation (H) or
post trial from the subject housed at San Diego Zoo. Abbreviations are as follows: T1:
Octanoic Acid, T2: 1H-Pyrrole-2-carboxaldehyde, T3: Decanoic Acid, T4: Civetone. An
asterisk (*) indicates that the measure after the trial day is outside the 95% CI for the data
before the trial.

Volatile Response
Thirty six unique compounds were identified in the urine of male giant pandas
during the experimental period. The relative abundance of each chemical compound was
used as a response variable in the 95% CI analysis to determine if particular compounds
were elevated when subjects were exposed to chemically-treated synthetic urine. Out of
36 compounds total, the relative abundance of 19 compounds exceeded the 95% CI in all
subjects (Table 6.3). These compounds are comprised of 58% aliphatic acyclic, 11%
aromatic, and 32% other compounds.
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Table 6.3

Volatile compounds that exceed the 95% CI in all experimental trials

C1

1-(1,3-benzodioxol-5-yl)-N-(1,3-benzodioxol-4-ylmethyl)-N-methylpropan-2-amine

C2

1-Decene, 2,4-dimethyl-

C3

1-Octene

C4

2-Heptanone

C5

2-Methoxy-4-vinylphenol

C6

5-Hepten-2-one, 6-methyl-

C7

6,8-Nonadien-2-one, 6-methyl-5-(1-methylethylidene)-

C8

7-[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran-2-one

C9

Acetic acid, 2-ethylhexyl ester

C10

Benzene, ethenyl-

C11

Cyclopropane, 1,1-dibromo-2-chloro-2-fluoro-

C12

Cyclopropane, 1-ethenyl-2-(fluoromethyl)-, cis-

C13

Decanal

C14

Heptanal

C15

Hexanal

C16

Nonanal

C17

Nonanoic acid

C18

Octanal

C19

Phthalic acid, hept-4-yl isobutyl ester

19 out of 36 volatile compounds identified in male giant panda urine demonstrated
measures outside of the 95%CI of the pre-trial data in all subjects.
Octanoic acid elicited an increase in the relative abundance of 12 compounds, the
greatest number of compounds compared to all stimuli, and decanoic acid elicited an
increase in the least number of compounds, only one (Table 6.4). The same compound
increased when males were exposed to multiple chemicals. For example, 2-Heptanone
(C4) significantly increased when all males were exposed to Octanoic acid and Civetone.
In addition, Benzene, ethenyl- (C10) significantly increased in all males when they were
exposed to Octanoic acid and 1H-Pyrrole-2- carboxaldehyde. Lastly, 1-Decene, 2,4dimethyl- (C2) increased in all males when the subjects were exposed to 1H-Pyrrole-2carboxaldehyde and Decanoic acid.
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Table 6.4

Compounds increased in relative abundance when exposed to pheromone
candidates
Octanoic Acid

1H-Pyrrole-2Decanoic Acid
carboxaldehyde
C2
C2
C5
C10
C17

Civetone

C1
C4
C3
C11
C4
C15
C6
C18
C7
C19
C8
C9
C10
C12
C13
C14
C16
The relative abundance of 19 compounds increased to a value outside of the 95%CI of
the pre-trial data when males were exposed to pheromone candidates. Codes are listed in
Table 6.3.
Baseline measures for the 19 compounds ranged from 0.0030±0.0079 for
Memphis Zoo (T1), 0.0023±0.0037 for Memphis Zoo (T2), and 0.0028±0.0032 for San
Diego Zoo. Each institution showed variation in the relative abundance of urinary volatile
compounds produced by male giant pandas. 1-(1,3-benzodioxol-5-yl)-N-(1,3benzodioxol-4-ylmethyl)-N-methylpropan-2-amine (C1) demonstrated the greatest
increase in relative abundance when the male giant panda was exposed to all three
compounds during the first Memphis Zoo behavior trial. C1 showed a 10-fold, 6-fold,
and 29-fold increase when the male was exposed to Octanoic acid, 1H-Pyrrole-2Carboxaldehyde, and Civetone, respectively. During the second Memphis Zoo trial, 7[(5-Mercapto-4-benzyl-1,2,4-triazol-3-yl)methoxy]-8-methyl-4-propyl-2H-1-benzopyran2-one (C8) increased by 43-fold, 27-fold, and 8-fold when the male was exposed to
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Octanoic acid, 1H-Pyrrole-2-Carboxaldehyde, and Civetone, respectively. 6,8-Nonadien2-one, 6-methyl-5-(1-methylethylidene)- (C7) increased by 6-fold when the male was
exposed to Decanoic acid. The male housed at San Diego Zoo demonstrated a similar
patter where one compound showed the greatest measure of increased relative abundance
in response to all of the trials. Benzene, ethenyl- (C10) increased 15-fold when the male
was exposed to Octanoic acid, 12-fold when exposed to 1H-Pyrrole-2-Carboxaldehyde,
9-fold when exposed to Decanoic acid, and 8-fold when exposed to Civetone. These
compounds appear to be increasing the most when compared to baseline measures (Table
6.5).
Table 6.5

Relative abundance of compounds in male urine when exposed to
chemically-treated synthetic urine
Pre-Trial

H

T1

T2

T3

T4

Post-Trial

Memphis (T1)
C1

0.0015

±

0.0027

0.0162*

0.0096*

0.0456*

0.013

±

0.0089

C2

0.0014

±

0.0025

0.0012

0.0009

0

0.0007

±

0.0014

C3

0

±

0

0

0

0.0207*

0.0007

±

0.0013

C4

0.0047

±

0.0007

0.0027

0.0028

0.0057*

0.005

±

0.0033

C5

0.0348

±

0.0209

0.0029

0.0035

0.0355

0.0122

±

0.0126

C6

0.0003

±

0.0005

0.0006

0

0

0

±

0

C7

0.0003

±

0.0006

0.0008

0

0.0054*

0.0014

±

0.0028

C8

0

±

0

0

0

0

0

±

0

C9

0

±

0

0

0

0

0.001

±

0.0027

C10

0.0031

±

0.0054

0.0006

0

0

0

±

0

C11

0.0022

±

0.0039

0

0

0.0043

0.0276

±

0.0459

C12

0

±

0

0

0

0.0043*

0.0024

±

0.0045

C13

0.0002

±

0.0003

0.0011*

0

0

0.0012

±

0.0013

C14

0

±

0

0

0

0

0.0003

±

0.0009

C15

0

±

0

0.0008*

0

0.0207*

0.0046

±

0.0062

C16

0.0033

±

0.003

0.0016

0

0.0095*

0.0058

±

0.0049

C17

0

±

0

0.0001*

0

0.0074*

0.0024

±

0.0046

C18

0.0004

±

0.0007

0.0007

0

0.0022*

0.0008

±

0.0021

C19

0.0053

±

0.0092

0

0.0061

0.0144*

0.0041

±

0.0054

N/A

N/A
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Table 6.5 (continued)
Memphis Zoo (T2)
C1

0.0045

±

0.006

0

0.0067

0.0072

0.0264*

0.0166*

0.0108

±

0.022

C2

0

±

0

0

0.0074*

0.0134*

0.0069*

0.0122*

0.0041

±

0.0047

C3

0

±

0

0

0.0025*

0

0

0

0.0009

±

0.0014

C4

0.0154

±

0.0104

0.0112

0.0226

0.0490*

0.0437*

0.0372*

0.0336

±

0.0282

C5

0

±

0

0.0393*

0

0.0004*

0.0072*

0.0116*

0.0027

±

0.0054

C6

0.002

±

0.0018

0.0122*

0.0012

0

0

0

0.0031

±

0.0049

C7

0.0013

±

0.0013

0.0056*

0.002

0.0072*

0.0093*

0.0073*

0.0002

±

0.0003

C8

0

±

0

0

0.0002*

0.0001*

0

0.0000*

0.0001

±

0.0001

C9

0

±

0

0.0220*

0.0027*

0

0

0

0.0081

±

0.0181

C10

0

±

0

0

0.0215*

0.0317*

0.0253*

0.0271*

0.0121

±

0.0168

C11

0.004

±

0.0032

0

0.0011

0.0036

0.0085*

0.0073

0.0062

±

0.0043

C12

0

±

0

0

0.0446*

0

0

0

0.0015

±

0.0033

C13

0.0018

±

0.0016

0.0101*

0.0067*

0.0021

0.0005

0.0007

0.0114

±

0.0186

C14

0.003

±

0.0014

0.0112*

0.0033

0

0

0.0016

0.0123

±

0.0226

C15

0

±

0

0

0

0.0058*

0

0.0085*

0.003

±

0.0041

C16

0.0067

±

0.0018

0.0237*

0.0110*

0.0160*

0

0.0127*

0.0082

±

0.0101

C17

0

±

0

0

0.0001*

0.0003*

0

0.0860*

0.0198

±

0.0254

C18

0.0029

±

0.0025

0.0175*

0.0016

0.0005

0.0029

0.0013

0.0008

±

0.0007

C19

0.0026

±

0.0035

0.0112*

0.0114*

0.0088*

0

0.0003

0.0039

±

0.0048

San Diego Zoo
C1

0

±

0

0.0057*

0

0

0

C2

0

±

0

0

0.0007*

0.0045*

0.0060*

C3

0.0065

±

0.0052

0.0081

0

0

0

C4

0.0022

±

0.0019

0.0086*

0.0100*

0

0.0092*

C5

0.004

±

0.0032

0.0188*

0.0079*

0

0

C6

0.0049

±

0.0052

0.005

0.0032

0

0.0038

C7

0

±

0

0.0047*

0

0

0

C8

0

±

0

0.0002*

0

0.0001*

0.0003*

C9

0.0033

±

0.0031

0.0021

0

0

0

C10

0.0025

±

0.0039

0.0371*

0.0301*

0.0231*

0.0207*

C11

0

±

0

0.0102*

0

0

0.0030*

C12

0

±

0

0.0057*

0

0.0011*

0.0072*

C13

0.0086

±

0.003

0.0200*

0.0034

0.0034

0.0053

C14

0.0057

±

0.0053

0.0025

0.0016

0

0.0033

C15

0

±

0

0

0

0.0084*

0.0207*

C16

0.0099

±

0.0026

0.01

0.0077

0.0095

0.0123

C17

0.0049

±

0.0052

0

0.0115

0.0002

0

C18

0

±

0

0

0.0032*

0.0044*

0.0062*

N/A
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N/A

Table 6.5 (continued)
C19

0

±

0

0.0039*

0

0.0084*

0.0189*

Mean ± standard deviation of relative abundance of volatile compound response of male
giant pandas to chemically-treated synthetic urine. No sample was collected after the
Habituation (H) trial during the first Memphis Zoo (T1) trial nor the San Diego Zoo trial.
No sample was collected after the first trial during the first Memphis Zoo (T1) trial. No
sample was collected after the trial period from the subject housed at San Diego Zoo.
Abbreviations are as follows: T1: Octanoic Acid, T2: 1H-Pyrrole-2-carboxaldehyde, T3:
Decanoic Acid , T4: Civetone. An asterisk (*) indicates that the measure after the trial day
is outside the 95% CI for the data before the trial.
Discussion
Findings generated from this study suggest that behavioral and physiological
responses can be elicited in male giant pandas by exposing them to civetone and decanoic
acid. This is measured by olfactory investigation and flehmen behaviors that are
accompanied by changes in urinary testosterone concentration and urinary volatile
composition. Trends in the responses of male giant pandas to specific compounds found
in peri-estrual urine were demonstrated; however, it was difficult to achieve statistical
significance. The low sample size of captive giant pandas used in this study contributed
to the lack of statistical significance. Findings that demonstrate a trend towards
significance indicate that male giant pandas are both behaviorally and physiologically
responsive to civetone and decanoic acid. Previous research suggests that specific urinary
volatile compounds vary with season (Dehnhard et al., 2005, 2006; Liu, 2013), sex, and
age (Liu, 2013); however, the role of these compounds as pheromones remains unknown.
To our knowledge, no previous study has demonstrated discrimination abilities of male
giant pandas in response to isolated volatile compounds as well as identified
physiological responses to compounds found in female peri-estrual urine. Here, we show
that male giant pandas are able to discriminate between compounds in female urine and
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show a change in androgen concentration and urinary volatile profile composition in
response to estrus-specific urinary compounds.
Behavior Response
Exposure to civetone and decanoic acid elicited the greatest investigative
responses and civetone elicitied the greatest flehmen response as well compared to the
other compounds exposed to male giant pandas. Similar olfactory investigation and
flehmen responses elicited by identified pheromones in urine have been demonstrated in
elephants ((Rasmussen et al., 1982; Rasmussen et al., 1997), dogs (Goodwin et al., 1979),
horses (Buda, 2012), buffalo (Rajanarayanan and Archunan, 2011), and cats (Miyazaki,
2008). Behavioral bioassays are crucial for classifying volatile compounds as
pheromones (Muller-Schwarze, 1977). Compounds that are present in female urine that
do not elicit a behavioral response are likely not associated with chemical communication
and ultimately sexual receptivity. This study provides preliminary evidence that
particular compounds, specifically civetone and decanoic acid (short chain fatty acid),
may serve as pheromones to signal sexual receptivity to male giant pandas. Several other
carnivore species contain fatty acids in their urine and scent marks, which may be
indicative of a potential role in chemical signaling (Hurk, 2007). The anal gland
secretions of the African civet cat contains waxes, short-chain fatty acids, skatol, and
civetone. Of which, civetone appears to have pheromone-like qualities (Kingston, 1984).
Similarly, the anal gland secretions of the binturong contains short-chain fatty acids
(Weldon et al., 2000). Many wild cat species also contain a suite of fatty acids that may
be used for olfactory communication such as tigers (Brahmachary, 1992, Poddar-Sarkar
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and Brahmachary 1991), cheetahs (Poddar-Sarkar and Brahmachary, 1997), and leopards
(Poddar-Sarkar and Brahmachary, 2004).
Androgen Response
While several studies demonstrate increases in androgen concentration in
response to female odors, few demonstrate this response with identified chemosensory
molecules. Male mice (Macrides et al., 1975; Batty, 1978; Amstislavskaya and Popova,
2004), rats (Amstislavskaya and Popova, 2004; Bonilla-Jaime et al., 2006), hamsters
(Macrides et al., 1974), marmosets (Ziegler et al., 2005), and macaques (Cerda-Molina et
al., 2006) all show an elevated testosterone response when exposed to female odors.
Similar responses were demonstrated in male giant pandas. The male housed at San
Diego Zoo was the only subject to show a significant increase in androgen concentration
when exposed to particular compounds. Civetone elicited the greatest increase compared
to baseline measures, followed by decanoic acid and finally 1H-Pyrrole-2Carboxaldehyde. Increases in androgen concentration are typically accompanied by
increases in testes volume, sperm density, and sexual behaviors which all occur 3–5
months prior to the female estrus period in giant pandas (Aitken-Palmer et al., 2012).
Pheromones present in female urine that can elicit these testosterone changes may help
not only communicate information regarding sexual receptivity to the males, but also
induce a physiological change to prepare for mating. Stimulation of physiological process
was a crucial component to the initial definition of pheromones (Karlson and Luscher,
1959). Results from this study indicate that civetone may be serving as a sex pheromone
by stimulating a physiological response in male giant pandas.
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Volatile Response
During the non-breeding season months, males will increase the frequency of
scent marking behavior which then continues through the breeding season (AitkenPalmer et al., 2012). Olfactory communication is likely prevalent during this time as
males are depositing information related to age (Yuan et al., 2004), gender (Hagey and
Macdonald, 2003; Yuan et al., 2004) and, individuality (Hagey and Macdonald, 2003;
Swaisgood et al., 1999).
Males of several mammalian species deposit volatile compounds in the
environment via scent marking to communicate information to both competitors and
mates (Gosling and Roberts, 2001). During the breeding season, females deposit
chemical cues in urine marks and scent marks (Schaller, 1985) to advertise reproductive
status to potential mates (Swaisgood et al., 2002). Urine marks from either sex are
complex mixtures that are difficult to tease apart. Both males and females scent mark and
urine mark to transfer information to conspecifics (Schaller, 1985) and this probably
results in some form of chemical integration between the breeding pair. This chemical
integration may play a role in mate compatibility and ultimately mate choice as this
appears to be important for giant panda reproduction (Peng et al., 2009). Males that
excrete the correct signal in response to female cues may be more likely to obtain a mate.
Here, we have identified several compounds that appear to be related to exposure to
specific compounds isolated in female urine. 19 compounds were identified to change
significantly with respect to relative abundance when males were exposed to particular
compounds. Changes in the male volatile profile could be indicative of a male pheromone
response, as it is likely that males would respond to female sexual advertisement in the
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wild. A few compounds identified here have been noted in other studies. The solitary
lifestyle of giant pandas encourages the need for olfactory information transfer. Specific
compounds excreted by males in response to females may serve as attractants for females
as it does for mice (reviewed by Dulac and Torello, 2003), confirm the presence of a
male in the area, and/or, communicate information regarding the competitive ability of
the male as it does for male deer (Gassett, 1996). As giant pandas roam through the forest
to locate potential mates, specific compounds in urine may serve as attractants to females
that have already communicated reproductive status.
Conclusions
The important role that olfactory cues play in giant panda reproduction has
become evident over the past 20 years (Liu, 2005, Swaisgood et al., 2002, Swaisgood et
al., 2000, Swaisgood et al., 1999, White et al., 2004, White et al., 2003, White et al.,
2002). However, the confirmation of pheromones in giant panda urine through the use of
bioassays has not been completed. By better understanding which volatile compounds in
giant panda urine can be rendered as sex pheromones, we can use this information to
enhance captive breeding conditions. By manipulating captive breeding conditions,
possibly through the use of olfactory cues, reproductive success has the potential to
increase dramatically as is the case with giant pandas (Swaisgood et al., 2004).
All three responses, behavioral, androgen, and volatile were elicited by civetone
and decanoic acid. Because these compounds are associated with estrus and the
characteristic increase in estrogen concentration in female urine, it is likely that they play
a role in advertising sexual receptivity. Male behavioral and physiological responses to
these compounds have useful implications for conservation management. Exposure to
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civetone and decanoic acid may be useful for enhancing the natural breeding environment
as well as promoting sexual motivation prior to semen collections.
Determining which compounds identified in female urine attract male giant
pandas may aid in the successful use of such pheromones in priming a male panda for
semen collection, introducing new breeding pairs, and show a biological response to
chemical communication between male and female giant pandas. The behavioral and
physiological responses demonstrate the relevance of chemical composition to possible
pheromone production. Male physiological responses also validate olfactory
communication through pheromones between breeding pairs. This study was limited by
the small sample size and captive environment. Future studies exposing potential
pheromones to giant pandas held at breeding centers and reserves would be beneficial to
confirm pheromone candidates in female urine. The presentation of compounds could
occurr more frequently and repeated measures could be recorded in order to strengthen
the data set. While captive studies allow for experimental investigation into research
questions that may not be able to be answered as easily in the field, captive subjects are
often limited by zoological participation, keeper availability, and the number of research
projects. This study provides substantial evidence that civetone and decanoic acid have
pheromone-like properties in female giant panda urine by having the ability to elicit both
behavioral and physiological responses in male giant pandas.
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CHAPTER VII
PANDAS, PHEROMONES, AND THE PURSUIT OF ANATOMICAL ESTRUS CUES
Abstract
Bear species use chemical signaling to communicate kinship, territory, and
reproductive status to conspecifics. As solitary animals, giant pandas (Ailuropoda
melanoleuca) rely on chemical communication to identify conspecifics and determine
sexual receptivity. The goal of this study was to identify whether the volatile profile
composition of various body sites in the giant panda differed between sexes and in
relation to polar bears and brown bears. We hypothesized that giant pandas contain a
subset of volatile compounds that are unique to certain anatomical locations and are
different from other bear species. Giant pandas (n=1 male; n=1 female), polar bears (n=1
male; n=1 female), and brown bears (n=3 male; n=2 female) from Memphis Zoo are the
subjects of this study. Volatile compounds were collected by rubbing sterile cotton swabs
across paws, facial areas, and reproductive areas. Volatile compounds were extracted
from swab samples by solvent-based extraction and analyzed by gas chromatography
mass spectrometry. 34 tentatively identified compounds occurred across two sampling
dates of swab collections from various body sites on male and female giant pandas. 10
compounds were identified in male giant panda secretions, while 25 compounds were
identified in female giant panda secretions. Squalene and cholesterol were only detected
in female giant panda reproductive areas. 1-Hexadecanol and 2,3-Bis(3'-Methoxy-2'244

nitrophenylimino)-2H-indole were found in the paws of both female giant pandas and
brown bears. The variation in volatile compounds between swab sites in giant pandas and
across different bear species demonstrates both the commonality and disparity of
chemical cues across species. A greater knowledge of chemical cues specific to particular
body sites such as the reproductive areas may be useful when determining pheromone
candidates. Such compounds may increase success rates of captive breeding programs for
all bear species.
Introduction
Olfactory communication is thought to play an important role in several species
across the animal kingdom. Chemical communication between heterospecifics and
conspecifics occurs through the release of biogenic volatile compounds into the
environment. Pheromones are a subclass of volatile compounds, which can transfer
information unique to the individual to other conspecifics resulting in a behavioral or
developmental process response (Karlsson and Luscher, 1959). Species employ a number
of different methods in order to dispense and detect volatile compounds in the
environment. For example, mammals use a variety of glands throughout the
integumentary system to release chemical cues in to the environment (Reviewed in
Alberts, 1992), while birds excrete substances from their uropygidial gland located at the
base of the tail feathers (Salibian and Montalti, 2009), and social insects also employ
several exocrine glands to dispense volatile compounds into the environment (Billen and
Morgan, 1998). Excluding urine and feces, several organisms utilize gland secretions to
produce pheromones.
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Mammalian secretory glands from which possible pheromones can be expressed
into the environment can be organized into four areas: (1) facial, (2) reproductive, (3)
pedal, and (4) external. Mammals employ several facial secretory glands including: nasal
glands in capybaras (Macdonald et al., 1984), salivary glands in pigs (Perry et al., 1980),
subauricular glands in the pronghorn (Dietland and Müller-Schwarze, 1972), occipital
gland in camels (Ayorinde et al., 1982), temporal glands in elephants (Rasmussen, 1988),
and preorbital glands in muskox (Gray et al., 1989). Pheromones related to sexual
receptivity and mate attraction are typically excreted from glands present in the
reproductive area such as the anogenital gland in giant pandas (Hagey and Macdonald,
2003), anal sacs of brown bears (Rosell et al., 2011), anal sacs in the African civet (Jacob
and Schliemann, 1983), the perineal gland of male guinea pigs (Beauchamp, 1974),
vaginal secretions of female hamsters (Powers et al., 1979), the preputial gland in rats
(Orsulak and Gawienoqski, 1972), and the circumgenital gland of cotton-top tamarins
(Belcher et al., 1988). Pedal glands can also be a delivery system for volatile compounds
into the environment, which are utilized by polar bears (Owen et al., 2015), brown bears
(Sergiel et al., 2017), bonteboks (Burger et al., 1976), and deer (Brownlee et al., 1969).
Lastly, external glands on the body can express volatile compounds into the environment
including: dorsal glands in deer (Burger et al., 1981) and pronghorn (Dietland and
Müller-Schwarze, 1972), caudal glands in red deer (Bakke and Figenschou, 1983), sternal
glands in male koalas (Tobey et al., 2009), and ventral glands in gerbils (Jacob and
Green, 1977).
Straight chained compounds tend to be lower in molecular weight and more
volatile. The reproductive areas of both male and female giant pandas contain a greater
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amount of aromatic compounds compared to other chemical classifications. Aromatic
compounds tend to be large in molecular weight and very stable, allowing them to persist
in the environment. These differences may be attributed to the message intended by the
individual. Smaller compounds will be spread into the environment faster, perhaps paw
secretions are for defining territories or communicating identity, while larger compounds
found in the reproductive areas are used to signal reproductive status and sexual
receptivity. Gland secretions typically contain volatile compounds used to communicate
with conspecifics, for example, sternal gland secretions from male koalas contain short
and medium chain carboxylic acids that appear to increase during the breeding season to
possibly communicate with mates (Tobey et al., 2009).
Giant pandas are a solitary bear species that are known to scent mark and urinate
to communicate information to conspecifics during the breeding season (Schaller et al.,
1985; Kleiman, 1983; Swaisgood et al., 1999). Olfactory communication plays an
important role in the communication of estrus status, advertising fertility, initiating sexual
motivation (Swaisgood et al., 2000, 2002) and identifying reproductive maturity (White
et al., 2003; Tian et al., 2007). Female giant pandas are mono-estrus, requiring precise
timing of breeding events to ensure successful mating (Kleiman, 1983; Czekala et al.,
2003). Male giant pandas are thought to track a potential mate via vocalizations and
chemical cues in ano-genital gland secretions and urine (Schaller at al., 1985) to identify
peak sexual receptivity. Chemical profiles of anogenital gland secretions supply
information about sex and age (Yuan et al., 2004), gender and individuality (Hagey and
Macdonald, 2003), and individual chemical signatures (Swaisgood et al., 1999).
Furthermore, the chemical composition of anogenital gland secretions may contain an
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“odor fingerprint” which suggests that synthetic chemosignals could be useful in
controlling the behavior and physiology of pandas, especially during the breeding season
(Zhang et al., 2008). While previous studies have identified potential pheromones in anogenital gland secretions, no study has investigated whether volatile compounds differ
across body sites of giant pandas.
Chemical communication is an effective method for transferring information
regarding identity, sex, and reproductive status, especially for solitary animals with large
home ranges. Giant pandas, like other ursids, are solitary species that use chemical cues
to communicate across large home ranges (Schaller et al., 1985). The method by which
chemosensory molecules are deposited, however, may dictate the meaning of the
intended signal (Alberts, 1992). Giant pandas communicate through ano-genital gland
secretions and urine (Dehnhard et al., 2006; Yuan et al., 2004; Hagey and Macdonald,
2003; Swaisgood et al., 1999; Zhang et al., 2008). Brown bears communicate by rubbing
on trees (Clapham et al., 2012) and through pedal gland secretions (Sergiel et al., 2017),
while polar bears mostly use pedal gland secretions to communicate with conspecifics
(Owen et al., 2015). Therefore, volatile compounds are expected to be prevalent in
multiple bear species, but the composition of the compounds detected are likely to differ
between species and anatomical site. Based on this information, we hypothesized that
giant pandas contain a subset of volatile compounds that are unique to the species, and
that differ among anatomical locations. Our objectives were to (1) identify and compare
volatile compounds between anatomical sites in giant pandas, (2) investigate differences
in volatile composition between male and female giant pandas, and (3) determine if
volatile compounds from similar anatomical locations differ among giant pandas, polar
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bears, and brown bears. These three bear species suffer from poaching, loss of habitat,
and low reproductive output; therefore, a better understanding of chemical
communication in these species may improve conservation management practices. The
conserved attributes of chemical communication across several species may illustrate the
importance of widespread pheromones in olfactory communication. To our knowledge,
this is the first study to compare volatile compounds across body sites within giant
pandas as well as among three bear species.
Methods and Materials
Sample Collection
Swab samples were collected from male and female giant pandas (n=1 male and
n=1 female), polar bears (n=1 male and n=1 female), and brown bears (n=3 male and n=2
female) housed at the Memphis Zoo (Table 7.1).
Table 7.1

Swab samples collected from giant pandas, polar bears, and brown bears
Species and sex of animals

Body Site

Giant Panda

Polar Bear

Male

Female

Male

RFP

X

X

LFP

X

RRP
LRP

Female

Brown Bear
Male 1

Male 2

Male 3

Female 1

Female 2

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Extremities

Body (R)

X

Body (L)

X

X

X

X

X

X

X

X

X

X

Back
Base of Tail

X

X

X

Facial
Right Ear
Left Ear
Right Eye

X
X

X

X
X

X

X

X
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X

X

X

X

X

X

Table 7.1 (continued)
Left Eye

X

Nostril

X

Oral Cavity

X

X

Anus

X

X

AOG

X

X

Base of Penis

X

Tip of Penis

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Reproductive
X

X

X
X

X

Outer Vulva

X

X

Inner Vagina

X

X

Body sites sampled for volatile analysis from giant pandas, polar bears, and brown bears.
The “X” denotes at least one sample was obtained. Abbreviations as follows: RFP: right
front paw; LFP: left front paw; RRP: right rear paw; LRP: left rear paw; Body (R): right
side of body; Body (L): left side of body; AOG: ano-genital gland.
Swab sampling either occurred opportunistically during routine training sessions with
keepers or while bears were immobilized for previously scheduled medical procedures.
Because of this limitation, the majority of swab samples were collected between the
months of January and May from 2014-2016, with the exception of female polar bear
swabs collected in December 2014 and November 2015. Male and female giant panda
samples were collected during the female peri-estrual period and thus the individuals
were at prime reproductive status. Male polar bear samples were collected when the
female breeding partner was sexually receptive. The male brown bears in this study are
all castrated. Brown bear female two was nearing estrus when the samples were
collected. In addition, sampling opportunity determined the number of dates that could be
sampled from each individual. Swab samples were collected on two separate dates for
each individual. Samples were obtained from body sites classified in three groups:
extremities, facial, and reproduction. Extremities included: the left front paw, left rear
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paw, right front paw, right rear paw, outer body, back, and base of tail. Reproductive
body sites included the ano-genital gland, anus, the base of penis, the tip of penis, the
base of vagina, and inside the vagina. The facial body sites included: right ear, left ear,
right eye, left eye, nostril, and oral cavity. Three dry sterile cotton swabs (Fisher
Scientific, Waltham, MA) were rolled over a specific body site in order to collect
biogenic secretions. Swabs were immediately placed into individual labeled cryogenic
vials or whirlpool packs and stored at -80°C until laboratory analysis.
Extraction and Chromatographic Analysis
Hexane was used to extract volatile compounds that were collected onto the
swabs from each body site. The extraction procedure was repeated three times as follows:
soak swab in hexane (0.5 mL), vortex (15 seconds), and sonicate (15 minutes) to ensure
complete extraction. The resulting 1.5 mL of extract was diluted with 8.5 mL of hexane
and stored at -20°C until analytical analysis. 1 mL of extract was transferred to a labeled
auto-sampler vial for chromatographic analysis.
Extracted volatile components were analyzed using an Agilent 7890B gas
chromatograph (GC) (Agilent Technologies, Santa Clara, CA) with helium as a carrier
gas passing through an Agilent ultra-inert DB-5MS column (30 m x 0.25 mm) coupled
with the Agilent 5977A mass selective detector (MSD). A split/split less injector was
used in split-less mode at 300°C. The GC oven was kept at 60°C for 2 min, increased to
105°C at 15°C/minute, from 105 to 165°C at 10°C/minute, from 165 to 290°C at
5°C/minute and then held at 290°C for 4 minutes. Electron impact ionization (EI) was
achieved using the Agilent 5977A MSD, with a scan range from 40-450 m/z and a scan
rate of 3.5 scan/sec. Chromatographic peaks were integrated and tentatively identified
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using Agilent MassHunter Quantitative Analysis (for GC-MS) Workstation Software
(Agilent Technologies, Santa Clara, CA) in conjunction with the Wiley Registry 10th
Edition/NIST 2012 Mass Spectral Library. Instrument blanks and blank extracts were run
before and after each collection set of samples in addition to between sexes to prevent
instrument contamination across samples. Routine maintenance was performed on the
GC-MSD according to guidelines listed in Agilent operating manuals (including tuning
the MSD and cleaning the ion source as needed) to ensure optimal running order.
Data Evaluation
Compounds were tentatively identified by the composition of ions present in the
mass spectra and the relative ratios of the ions to each other in each chromatographic
peak. For each compound, the mass spectra detected matched 50% of the known mass
spectra of a compound present in the Wiley Registry 10th Edition/NIST 2012 Mass
Spectral Library (50 match factor). We assumed that for a chemical to be important for
interspecies communication, the compound would occur frequently across samples.
Therefore, we chose to only consider volatile compounds that were tentatively identified
in at least two sampling dates for each body site, sex, and species. Well known
biologically irrelevant compounds (plasticizers and cleaning agents) were removed from
the compounds of interest. The list of volatile compounds detected at each body site was
compared within each sampling location and across other body sites, and within and
between species. Therefore, the sampling dates were treated as replicates for each
individual (n=2). Samples were taken from each one of the four paws and these samples
were combined for data evaluation. Volatile compounds were grouped by anatomical
location into extremities, facial, and reproductive categories. If more than one site within
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a sampling period and body site was examined (i.e., left and right eye/ear, 2 or more
paws), all compounds detected were combined for data evaluation.
Results
Giant Pandas
45 tentatively identified compounds with a match factor of 50 or greater occurred
across two sampling dates of swab collections from various body sites on male and
female (n=1 male and n=1 female) giant pandas. 10 compounds were identified in male
giant panda secretions, while 35 compounds were identified in female giant panda
secretions. Only one compound occurred in both male and female secretions, Dodecane,
2,6,11-trimethyl-. The volatile profile composition and the number of compounds
detected differed by body site (Table 7.2).

Table 7.2

Count of compounds that occur in both sampling dates by each body site
Species and sex of animals

Body Site

Giant Panda

Polar Bear

Brown Bear

Male

Female

Male

Female

Male 1

Male 2

Male 3

Female 1

Female 2

Paws

7

18

6

3

4

2

3

6

15

Back/Side

na

na

na

na

6

na

0

3

3

Ears

0

0

3

0

na

0

na

1

4

Eyes

na

na

na

1

6

na

na

2

2

Nostril

na

0

2

na

1

1

na

2

1

Oral Cavity

0

1

na

0

1

0

1

1

4

Anus

1

3

2

na

na

na

0

na

na

AOG

2

3

na

na

na

na

na

na

na

Base of Penis

0

na

1

na

na

na

na

na

na

Tip of Penis

0

na

na

na

na

na

na

na

na

Extremities

Facial

Reproductive
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Table 7.2 (continued)
Outer Vulva

na

4

na

na

na

na

na

na

na

Inner Vagina

na

6

na

na

na

na

na

na

na

Number of compounds identified in two samples of each body site from giant pandas,
polar bears, and brown bears. Abbreviations as follows: AOG: ano-genital gland; na:
sample was not collected.
Figure 7.1 contains typical total ion chromatograms of swabs collected from the
ano-gential gland (A), Right front paw (B), and nostrils (C) from the female giant panda.
Secretions collected from the paws (Figure 7.1B) had a greater number of compounds
than the facial (Figure 7.1C) or reproductive body sites (Figure 7.1A). In addition, the
volatile composition varied between the three representative chromatograms. The anogenital secretion contained several differing compounds between the other two sites.
Most noticeable are the two prominent peaks towards the end of the chromatogram.
Squalene occurs at 32.359 min and cholesterol occurs at 36.202 min in the ano-genital
gland secretion swab sample (Figure 7.1A), while these compounds are absent in the paw
and nostril samples (Figure 7.1B and 7.1C). Qualitative differences in the number of
compounds and volatile profile composition are also evident between the sexes. For
example, total ion chromatograms of the ano-genital gland secretion collected from
female and male giant pandas are shown in Figure 7.2. There are a greater number of
compounds in the female total ion chromatogram (Figure 7.2A) compared to the male
chromatogram (Figure 7.2B). Similarly, squalene (32.359 min) and cholesterol (36.202
min) are also present in the female ano-genital gland sample and absent in the male (red
boxes, Figure 7.2).
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Figure 7.1

Representative total ion chromatograms of female giant panda body sites.

Total ion chromatograms of the ano-genital gland (A), right front paw (B), and nostrils
(C) of the female giant panda. Squalene and cholesterol are present in the ano-genital
gland (green box) and absent in the paw and nostril chromatograms (green boxes).
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Figure 7.2

Representative total ion chromatograms of female and male giant panda
ano-genital gland samples.

Total ion chromatograms of female ano-genital gland sample (A) and male ano-genital
gland sample (B). Squalene and cholesterol are visible in the female ano-genital gland
secretion (red box) and absent in the male ano-genital gland sample (red box).
Male Giant Pandas
Overall, male giant panda secretions contained 60% straight chained compounds
and 40% aromatic compounds (Table 7.3). Dissimilar compounds were identified in male
paws versus reproductive sites. The paws contained seven compounds consisting of 57%
straight chained compounds (Dodecane, 4-methyl-; Dodecane, 2,6,11-trimethyl-;
Hydroperoxide, 1-methylpentyl; and 2,6,10 - trimethyl – tridecane) and 43% aromatic
and cyclic compounds (Ethyl-3-ethoxy-3-hydroxy-2-(2-hydroxybenzoyl)acrylate;
Benzenemethanamine, 2-chloro-.alpha.-(2-quinoxalinylmethylene)-; and Oxirane, [(2256

butoxyethoxy)methyl]-). Reproductive areas consisted of 1 straight chained compound
(Hydroperoxide, 1-ethylbutyl) and 2 aromatic compounds (3-(Diethylamino)methyl-2ethyl-9-methylpyrido[2,3-b]indole and p-Benzoquinone).
Table 7.3

Compounds identified in male giant panda body sites

Compound
Hydroperoxide, 1-methylpentyl
2,6,10 - trimethyl - tridecane
p-Benzoquinone
3-(Diethylamino)methyl-2-ethyl-9-methylpyrido[2,3-b]indole
Hydroperoxide, 1-ethylbutyl
Benzenemethanamine, 2-chloro-.alpha.-(2-quinoxalinylmethylene)Oxirane, [(2-butoxyethoxy)methyl]Dodecane, 2,6,11-trimethylDodecane, 4-methylEthyl-3-ethoxy-3-hydroxy-2-(2-hydroxybenzoyl)acrylate

Paws
X
X

Reproductive

X
X
X
X
X
X
X
X

Compounds tentatively identified (≥50 match factor) in female giant panda body sites
that occur in two sampling dates.
Female Giant Pandas
The greatest number of compounds from females were detected in swab samples
collected from the paws and reproductive areas, while only 1 compound was detected
from the facial area (Table 7.2). Four compounds were identified in both the paw
locations and the reproductive areas. The compound identified in the facial body sites
also occurred in the reproductive areas. Compounds detected varied by body site. Table
7.4 shows the compounds found in female giant panda swab samples. The volatile profile
of female giant panda secretions across all body sites contained 12 aromatic compounds
(48%), 10 aliphatic acyclic alkanes (40%), 2 aliphatic acyclic alcohols (8%), 1 carboxylic
acid derivative (4%). Differences in the volatile composition were evident across body
site locations. Volatile compounds extracted from paw samples consisted of 45%
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aliphatic acyclic alkanes (heptane, 2,4-dimethyl-; Dodecane, 2,6,11-trimethyl- ; Octane,
3-ethyl-; Pentatriacontane; Octane, 4-methyl-; Undecane, 3,7-dimethyl-; Hexane, 3-ethyl;
3-oxa-7-thiatricyclo[3.3.0.0(2,4)]octane 7,7-dioxide), 45% aromatic compounds (1,2-Ditert-butylbenzene; Phenol, 2-(1-phenylethyl)-; (1'.alpha.,4'.alpha.,4a'.alpha.,7a'.alpha.)4',4a',5',6',7',7a'-hexahydro-1',4'-dimethylspiro(cyclopentane-1,8'-[1,4]methano[1H]cyclopenta[d]pyridazine); 3-Benzoyl-1-(methoxycarbonyl)-2-phenylindolizine;
Methyl propyl 6-[3-(propylthiocarbonyl)benzyl]benzene-1-carboxylate-3-carboxythioic
S-ester; 1,4-Dimethyl-9-(2,4,6-trimethylbenzyl)triptycene; 7-[Propoxy]-2,2,8-trimethylchromene; 2,3-Bis(3'-Methoxy-2'-nitrophenylimino)-2H-indole), and 11% aliphatic
acyclic alcohols (1-Hexadecanol and 1-Octadecanol). The female facial sites only
contained one compound, 2-(2,3-dimethylbut-2-enyl)-4-methyl-2h-1,4-benzothiazin-3one.
The reproductive areas contained 11 compounds. Cyclic and aromatic compounds
make up 45% (2-(2,3-Dimethylbut-2-enyl)-4-methyl-2H-1,4-benzothiazin-3-one; 1,2-Ditert-butylbenzene; Benzoic acid, ethoxy-, ethyl ester; Cholesterol; 4H-1,4:8,10aDimethanoazuleno[1,2-d]oxepin, gibb-4a-ene-1,10-dicarboxylic acid deriv.) of the
volatile profile in reproductive areas, while aliphatic acyclic alkanes make up 36%
(Heptane, 2,4-dimethyl-; Undecane, 4,7-dimethyl-; Dodecane, 2,6,11-trimethyl-;
Heptadecane), and the remaining compounds are 1-Octadecanol and Squalene. For
female giant pandas, reproductive areas included the anus, ano-genital gland, inner
vagina and outer vulva. Similar compounds were identified across multiple body sites
within the reproductive areas. Heptane, 2,4-dimethyl- was detected across all
reproductive sites. 1-octadecanol was detected in the anus samples as well as the inner
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vagina samples. Undecane, 4,7-dimethyl- was identified in anal secretions and anogential gland secretions. Dodecane, 2,6,11-trimethyl-, 2-(2,3-dimethylbut-2-enyl)-4methyl-2h-1,4-benzothiazin-3-one, Heptadecane, and 4h-1,4:8,10adimethanoazuleno[1,2-d]oxepin, gibb-4a-ene-1,10-dicarboxylic acid deriv. were only
found in the inner vagina. Lastly, Squalene, 1,2-di-tert-butylbenzene, and Cholesterol
were only identified in outer vulva samples when compared across two sampling dates
(Table 7.5).
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Compounds identified in female giant panda body sites

Compound
Dodecane, 2,6,11-trimethyl1-octadecanol
Heptane, 2,4-dimethyl1,2-di-tert-butylbenzene
2-(2,3-dimethylbut-2-enyl)-4-methyl-2h-1,4-benzothiazin-3-one
(1'.alpha.,4'.alpha.,4a'.alpha.,7a'.alpha.)-4',4a',5',6',7',7a'-hexahydro-1',4'dimethylspiro(cyclopentane-1,8'-[1,4]methano-[1h]cyclopenta[d]pyridazine)
Phenol, 2-(1-phenylethyl)Octane, 4-methyl1-hexadecanol
Undecane, 3,7-dimethyl1,4-dimethyl-9-(2,4,6-trimethylbenzyl)triptycene
Methyl propyl 6-[3-(propylthiocarbonyl)benzyl]benzene-1-carboxylate-3-carboxythioic
s-ester
Heptadecane
2,3-bis(3'-methoxy-2'-nitrophenylimino)-2h-indole
Hexane, 3-ethyl3-benzoyl-1-(methoxycarbonyl)-2-phenylindolizine
Octane, 3-ethyl3-oxa-7-thiatricyclo[3.3.0.0(2,4)]octane 7,7-dioxide
Pentatriacontane
4h-1,4:8,10a-dimethanoazuleno[1,2-d]oxepin, gibb-4a-ene-1,10-dicarboxylic acid deriv.
Squalene
7-[propoxy]-2,2,8-trimethyl-chromene
Undecane, 4,7-dimethyl-

Table 7.4
Paws

X

X
X
X
X
X
X

X

X
X
X
X
X

X

X
X
X
X
X

Facial

X

X
X

X

Reproductive
X
X
X
X
X
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Compounds identified in female giant panda reproductive sites

X
X

Compound
ANUS AOG
IV
OV
Heptane, 2,4-dimethylX
X
X
X
1-octadecanol
X
X
Undecane, 4,7-dimethylX
X
Dodecane, 2,6,11-trimethylX
2-(2,3-dimethylbut-2-enyl)-4-methyl-2h-1,4-benzothiazin-3-one
X
Heptadecane
X
Squalene
X
4h-1,4:8,10a-dimethanoazuleno[1,2-d]oxepin, gibb-4a-ene-1,10-dicarboxylic acid deriv.
X
1,2-di-tert-butylbenzene
X
Benzoic acid, ethoxy-, ethyl ester
X
Cholesterol
X
Compounds tentatively identified (≥50 match factor) in female giant panda reproductive body sites that occur in two sampling
dates. Abbreviations are as follows: AOG: ano-genital gland, IV: inner vagina, OV: outer vulva.

Table 7.5

Compounds tentatively identified (≥50 match factor) in female giant panda body sites that occur in two sampling dates.

Benzoic acid, ethoxy-, ethyl ester
Cholesterol

Table 7.4 (continued)

Comparison across species
Volatile compounds were analyzed from 98 swab samples across giant pandas
(n=1 male and n=1 female), polar bears (n=1 male and n=1 female), and brown bears
(n=3 males and n=2 females). Compounds were then separated by male and female and
compared across species. The volatile composition of extremities, facial areas, and
reproductive areas were vastly different across each species. Qualitatively, brown bears
had the greatest number of compounds followed by giant pandas and polar bears had the
least number of compounds across both sexes (Tables 7.6-7.7).
Male bear species did not share any compounds that were detected in the same
body site. However, two compounds were detected in different body sites and in different
species. In male bears, 3-(Diethylamino)methyl-2-ethyl-9-methylpyrido[2,3-b]indole was
found in both the reproductive areas of giant pandas and the facial areas of brown bears
and (7S,7aS,14S,14aR)-3,3-Bis-phenylsulfanyl-dodecahydro-7,14-methano-dipyrido[1,2a;1',2'-e][1,5]diazocin-4-one was found in the extremities of polar bears and the facial
areas of brown bears.
In female bears, 1-Hexadecanol and 2,3-Bis(3'-Methoxy-2'-nitrophenylimino)2H-indole were found in the extremities of both giant pandas and brown bears, while 1,2di-tert-butylbenzene was identified in the facial areas of brown bears and the extremities
and reproductive areas of giant pandas. 1-Hexadecanol was easily identifiable in female
giant panda (Figure 7.3A) and female brown bear (Figure 7.3B) paw samples (Figure 7.3;
black box).
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Heptadecane
1,1,1-trifluoro-4-(1'-phenylethoxy)but-3-en-2-one

Benzenemethanol, 2,3,5,6-tetrabromo-4methoxy-, acetate

Dodecane, 2,6,11-trimethyl2,3-bis(3'-methoxy-2'-nitrophenylimino)-2hindole
N-isopropylbenzamide
1-octadecanol
Pentadecane
X

X

X

X

X

X

X

X

X

X

X

X

1-(5-(4-isopropylthiazol-2-yl)-2,2-dimethyl1,3,4-oxadiazol-3(2h)-yl)ethanone

X

X

X

Extremities
X
X
X
X

X

X

X

Facial
X
X
X
X
X

Brown Bear

X

X

X

X

Polar Bear
Extremities Facial

2-ethyl-5-fluorobenzimidazole

2-(2,3-dimethylbut-2-enyl)-4-methyl-2h-1,4benzothiazin-3-one

Heptane, 2,4-dimethyl-

2,2',3,3'-tetrahydroxy-5,5'-dimethyl-6,6'dinitrobiphenyl tetraacetyl dev.

X

X

Giant Panda
Extremities Facial Reproductive

Compounds identified in body sites across female giant pandas, polar bears, and brown bears.

Benzene, 1,3-bis(1,1-dimethylethyl)2,2'-oxybis(propane-2,1-diyl) dibenzoate
1-hexadecanol
2-[2-(benzoyloxy)ethoxy]ethyl benzoate
1,2-di-tert-butylbenzene

Compound

Table 7.6
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Octane, 3-ethyl3-benzoyl-1-(methoxycarbonyl)-2phenylindolizine
Benzoic acid, ethoxy-, ethyl ester
Octane, 4-methylCholesterol
Pentatriacontane
Dodecane, 2,7,10-trimethylSqualene
Ethyl (z)-3-(2-ethoxyethenyl)pyridine-4carboxylate
Undecane, 4,7-dimethyl-

2-propen-1-one, 1-(4,5-dimethoxy-2nitrophenyl)-3-(6-nitro-1,3-benzodioxol-5-yl)-

Hexadecane

2-mercapto-5,6,7,12tetrahydropyrimido[5',6':6,7]cyclohepta[b]indole

X

X

X

X

X

X

X

X

X

X

X

X

X

2-iodo-7-oxo-4-nor-2,3-secocholest-5-en-3-yl
formate

Ethyl (4,6-dimethoxy-2,3-diphenylindole-7yl)glyoxylate

X
X

X

X

1-(4-acetylphenyl)-2-phenylethane-1,2-dione
Butanedioic acid, hydroxy-, dibutyl ester, (.+/-.)-

Methyl propyl 6-[3(propylthiocarbonyl)benzyl]benzene-1carboxylate-3-carboxythioic s-ester

2-cyanocyclohexanol

Table 7.6 (continued)

X

X
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Undecane, 3,7-dimethyl3-methyldocosane
Undecane, 4-methyl3-oxa-7-thiatricyclo[3.3.0.0(2,4)]octane 7,7dioxide
4h-1,4:8,10a-dimethanoazuleno[1,2-d]oxepin,
gibb-4a-ene-1,10-dicarboxylic acid deriv.

3h-benzofurylium, 2-(1,2-diphenylethenyl)-5methyl-3-oxo-, (e)-

Phenol, 2-(1-phenylethyl)-

X

X

X

X

X
X

X

X

3-benzyl-2-[(4-hydroxybenzyl)amido]-5-(3fluoro-4-hydroxyphenyl)pyrazin

X
X
X

X
X
X

X

(E)-1,3-dimethyl-7-(1-methyl-3phenylpropylideneaminooxymethyl)-3,7dihydropurine-2,6-dione

Hexane, 3-ethyl7-[propoxy]-2,2,8-trimethyl-chromene
1,4-dimethyl-9-(2,4,6-trimethylbenzyl)triptycene
7-methoxy-2,2-dimethyl-2h-chromene
(Z)-dibenzoate

(1'.alpha.,4'.alpha.,4a'.alpha.,7a'.alpha.)4',4a',5',6',7',7a'-hexahydro-1',4'dimethylspiro(cyclopentane-1,8'-[1,4]methano[1h]cyclopenta[d]pyridazine)

(E)-ethyl 2-benzyl-3-(4'-phenylphenyl)but-2enoate

Table 7.6 (continued)
X
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Compounds tentatively identified (≥50 match factor) in female giant panda, polar bear, and brown bear body sites that occur in two
sampling dates. 1-Hexadecanol and 2,3-Bis(3'-Methoxy-2'-nitrophenylimino)-2H-indole are found in the extremities of both giant
pandas and brown bears.

267
X

X

X

Giant Panda
Extremities Reproductive

X

Extremities

X

X

X

X

Polar Bear
Facial Reproductive

Compounds identified in body sites across male giant pandas, polar bears, and brown bears.

Benzene, 1,3-bis(1,1dimethylethyl)Pentadecane
3-(Diethylamino)methyl-2-ethyl-9methylpyrido[2,3-b]indole
2,2'-oxybis(propane-2,1-diyl)
dibenzoate
(7S,7aS,14S,14aR)-3,3-Bisphenylsulfanyl-dodecahydro-7,14methano-dipyrido[1,2-a;1',2'e][1,5]diazocin-4-one
N-Isopropylbenzamide
(E)-2-Chloro-1-(ohydroxyphenyl)-3-butylhept-1-en3-ol
2,2',3,3'-Tetrahydroxy-5,5'dimethyl-6,6'-dinitrobiphenyl
tetraacetyl dev.
Undecane, 4-ethylEthyl 4-Chloro-5-methoxy-3methylindole-2-carboxylate
Oxirane, [(2butoxyethoxy)methyl]Hydroperoxide, 1-methylpentyl

Compound

Table 7.7

X

X

X

X

X

X

X

X

X

X

Brown Bear
Extremities Facial
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1,3-Dimethyl-5,5-bis-(3-methyl-2methylenebut-3-enyl)pyrimidine2,4,6-trione
1,2-Di-tert-butylbenzene
2,4-bis[(Imidazol-1'-yl)methyl]3,6-dimethylphenol
Heptane, 2,4-dimethyl2,6,10 - trimethyl - tridecane
1-tert-Butyl-4,4,4-trichloro-3-(1methylcyclopentyl)-1,2,4azaphosphavanada(v)cyclobut-2ene
3-(4-Nitrophenyl)quinazolin4(3H)-one
2-(diiodomethylene)-1,8,8trimethylbicyclo[3.2.1]octan-3-one
12-Phenyl-2,3,7,8-tetramethoxy5H-(1)-benzopyrano[4,3c]isoquinoline
Ethyl (Z)-3-(2Ethoxyethenyl)pyridine-4carboxylate
3-Ethyl-3-methylheptane
Ethyl-3-ethoxy-3-hydroxy-2-(2hydroxybenzoyl)acrylate
3-Hydroxy-5-(4-methoxyphenyl)3-(trifluoromethyl)cyclohexanone
Hydroperoxide, 1-ethylbutyl

Table 7.7 (continued)

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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X

X
X

X

X

X

X

X

X

X

X

X

Compounds tentatively identified (≥50 match factor) in male giant panda, polar bear, and brown bear body sites that occur in two
sampling dates. No compounds are shared within the body site categories across the three bear species.

Undecane, 4,7-dimethylN,N-Dimethyl-N'tricyclo[5.2.1.0(2,6)]decyl-8-urea
(2'S,R,R)-(-)-3-[2'-(1-Ethyl-1methoxypropy)-2oxobipyrrolidinyl-3-yl]-3-hexanoic
acid methyl ester
Octane, 4-methyl(1R*,6R*)-2-Methoxy-3,6,9,9tetramethylbicyclo[4.2.1]non-2-en4-one
p-Benzoquinone
Decane, 5-ethyl-5-methylPentane, 3,3-dimethylDodecane, 2,6,11-trimethylDodecane, 4-methylBenzenemethanamine, 2-chloro.alpha.-(2-quinoxalinylmethylene)Decane, 2,4-dimethyl-

Table 7.7 (continued)

Figure 7.3

Total ion chromatograms of female giant panda and brown bear paws.

Total ion chromatograms of female giant panda paw (A) and female brown bear paw (B).
1-Hexadecanol was detected in both species (black box).
Discussion
Although volatile compounds have been previously identified in giant panda anogenital gland secretions (Yuan et al., 2004, Zhang et al., 2008, Liu et al., 2006, Hagey
and MacDonald, 2003), this is the first study to identify and contrast compounds across
giant panda body sites, between male and female giant pandas, and across multiple bear
species. Volatile compounds detected in giant panda secretions varied by both site and
sex. 89 percent of compounds detected were also unique to the species and not detected
in samples from polar bears and brown bears held at the same institution. A total of 45
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compounds were tentatively identified in giant pandas of which 10 compounds were
identified in male giant panda secretions, while 35 compounds were identified in female
giant panda secretions. Only a few compounds detected in giant pandas could also be
detected in the other ursid species examined. For example, 1-Hexadecanol and 2,3-Bis(3'Methoxy-2'-nitrophenylimino)-2H-indole were found in the paws of both female giant
pandas and brown bears. Such variations among species, site, and sex may provide
insight into the functional significance of the chemical signal. Here, we characterize the
volatile compounds of various body sites in male and female giant pandas and
demonstrate that giant panda body sites contain different volatile compounds which
likely relates to the function of the intended signal.
Giant Pandas
Volatile compounds in giant panda secretions differed both by body site and by
sex. Secretions collected from male and female giant panda paws contain a greater
number of straight chained compounds compared to aromatic. In particular, reproductive
areas of the female giant panda contained squalene and cholesterol. Squalene is the
biochemical precursor to steroids commonly produced in animals. Squalene is converted
to lanosterol and then further converted to cholesterol, which is the precursor molecule
for several steroids including estrogen, progesterone and testosterone (Bloch, 1965). The
identification of squalene and cholesterol in the vagina may suggest that important
reproductive hormones in the body are changing and their precursors could be used to
signal sexual receptivity and/or reproductive status. In addition, squalene has also been
identified in previous studies (Yuan et al., 2004) and appears to play an important role in
giant panda chemical communication as a potential male giant panda pheromone (Zhang
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et al., 2008). However, this study identified it in female ano-genital gland secretions.
Heptadecane also occurred in the female reproductive areas. In a previous study,
heptadecane was found in the ano-genital gland secretions of both male and female giant
pandas (Liu et al., 2006). Identification of compounds that solely occur in the
reproductive areas provides evidence for our hypothesis that giant pandas contain a
subset of volatile compounds that are unique to certain anatomical locations. As samples
collected from the female in this study occurred during estrus, compounds unique to the
female reproductive area may be used to signal reproductive status.
Heptane 2,4,dimethyl- occurred in both female paws and reproductive areas.
Furthermore, the average peak area of heptane 2,4,dimethyl- was 37% higher in
reproductive locations when compared to the extremities. Heptane 3,4-dimethyl- was
found in the scent marks and ano-genital gland of male and female giant pandas (Hagey
and MacDonald, 2003) and is a structural isomer of heptane 2,4 dimethyl-, which occurs
in both female swab samples of reproductive areas and in female giant panda urine
(Chapter II). 1-octadecanol occurred in both the paws and reproductive areas of female
giant pandas. The average peak area of 1-octadecanol was 41% greater in the
reproductive areas compared to extremities. 1-octadecanol occurs in various mammalian
tissues and is involved in the biosynthesis of lipids (Bingham et al., 2001). 1-octadecanol
was also found in the ano-genital gland secretions of male and female giant pandas in a
previous study (Yuan et al., 2004). Dodecane 2,6,11-trimethyl- was also present in
reproductive areas and the paws of female giant pandas, yet the average peak area found
in the left front paw was 77 times that of the average peak area found in the inner vagina.
Dodecane 2,6,11-trimethyl- was also found in male and female giant panda anogenital
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gland secretions (Liu et al., 2006). Undecane 4,7-dimethyl was solely detected in the
reproductive sites and has not been discussed in mammalian research, though it was
found in the volatile composition of algae (Noor et al, 2011) and mushrooms (Kakumyan
and Matsui, 2009). As the samples were collected during estrus, variation in the presence
and peak area of compounds may indicate a changing volatile profile across individual
body sites and suggests that particular compounds may be used to signal sexual
receptivity during the breeding season.
Forty five compounds were tentatively identified in giant panda secretions; this
number is similar to previous studies which identified 56 compounds (Yuan et al., 2004)
and 39 compounds (Zhang et al., 2008) in the ano-genital gland secretions of giant
pandas. In the present study, 10 compounds were detected in male secretions and 35
compounds were detected in female secretions and a total of 5 compounds were detected
in ano-genital secretions, none of which are shared between males and females. Giant
panda secretions were collected in February and March. Increases in the reproductive
characteristics of males occurs 3-5 months prior to the spring months when female is
displaying sexual receptivity (Aitken-Palmer et al., 2012). In addition, free-ranging male
giant pandas scent mark and vocalize for a longer period of time throughout the year in
comparison to females (Schaller, 1985). This may explain why fewer compounds were
collected from male giant pandas compared to females. Perhaps sampling males earlier in
the spring season would provide a better representation of the volatile profile as this is the
time of year when males are showing sexual behaviors.
The identification of compounds across various body sites in giant pandas
provides information related to which particular compounds may be used to signal sexual
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receptivity during the breeding season. Pedal secretions and reproductive areas contained
the greatest number of volatile compounds compared to the facial areas. There are no
known scent glands on the facial area of giant pandas, supporting the notion that facial
areas would contain fewer compounds. Compounds detected in the facial area could also
be a result of rubbing, licking, and scratching with paws. Differences in the volatile
composition of pedal secretions and reproductive areas may be attributed to the intended
signal. Pedal secretions may be used for tracking individuals and defining territories,
while compounds identified in the reproductive areas may be signaling sexual receptivity.
Future research should include identifying the appropriate apocrine glands in giant panda
paws as has been done in polar bears (Owen, 2015) and brown bears (Sergiel et al., 2017)
to identify the true source of these compounds.
Giant Panda Urine Comparison
The volatile compounds detected from the body sites of giant pandas through
swab sampling largely differed from those detected in previous and ongoing studies of
volatile compounds in urine of giant pandas during the breeding season (Chapter II).
Volatile compounds have been identified in giant panda urine by several previous studies
(Chapter II, Liu et al., 2008; Liu, 2013; Dehnhard et al., 2005, 2006). 1,2-di-tertbutylbenzene was the only compound found in body sites of giant pandas as well as urine
(Chapter II). The compounds detected from body sites; however, were consistent with
previous studies which described that ano-genital gland secretions of giant pandas
contained compounds higher in molecular weight, such as steroids and long-chain fatty
acids (Yuan et al., 2004) and squalene (Zhang et al., 2008). These compounds will persist
longer in the environment as the increased bond strength in larger compounds tends to
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cause the compound to be less volatile. Differences in the chemical profile of urine
compared to anal gland secretions likely indicates complementary information is being
signaled by these two methods. These data could indicate that the smaller and more
volatile compounds in urine are more efficient at signaling sexual receptivity to
conspecifics in the same area, while heavier and less volatile anal gland secretions may
communicate more sustainable information, such as territory. Clearly, the female
compounds detected in reproductive body sites are likely candidate pheromones
indicative of sexual receptivity as these compounds were detected at the time of ovulation
as determined by endocrinology. As mentioned above, compounds in males may have
been low due to time of collection. Therefore, future work should include more frequent
sampling throughout the year to detect changing volatile compounds in secretions relative
to physiological changes in male and female giant pandas.
Comparison across Species
Only a few compounds were consistent across the three bear species in this study.
While all three bear species are solitary and maintain large home ranges, the use of
chemical cues likely varies among each species. As a result, the differences in specific
compounds among giant pandas, polar bears, and brown bears may be due to their
environment and/or the intended signal. Polar bears are thought to use pedal secretions to
chemically communicate information to conspecifics that may influence social and
reproductive behavior (Owen et al., 2015). It has been speculated that the fragmentation
of sea ice in polar bear habitat will have a negative impact on reproductive success as
males often track females in estrus over long distances (Derocher et al., 2004). While no
empirical evidence has been published to date, models predict the decline of female
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mating success due to habitat fragmentation as searching efficiency, i.e. tracking by pedal
scent declines (Molnar et al., 2010). In addition, brown bears have also been described to
use olfactory communication through pedal gland secretions (Sergiel et al., 2017) as well
as anal sac gland secretions to identify individuals and sex (Rosell et al., 2011). Brown
bears are also well known to demonstrate rubbing behaviors on specific trees (Clapham et
al., 2013) that is thought to signal dominance during the non-denning period (Clapham et
al., 2012). In female bears, 1-Hexadecanol and 2,3-Bis(3'-Methoxy-2'-nitrophenylimino)2H-indole were found in the extremities of both giant pandas and brown bears. 1Hexadecanol has also been detected in brown bear pedal gland secretions (Sergiel et al,
2017).
Conclusions
Giant pandas are known to utilize chemical cues in scent marks through the
deposition of ano-genital gland secretions and urine (Schaller et al., 1985; Swaisgood et
al., 1999, 2000, 2002). While there has recently been a documented rise in population
numbers of giant pandas overall (Swaisgood et al., 2016), the fragmented landscape
isolates certain populations from locating potential breeding partners. This study provides
evidence for differences in the volatile profile among body sites in male and female giant
pandas as well as across different bear species. We can use this information to better
manage our captive and free-ranging populations by determining reproductive status of
individuals and identifying potential sex pheromones.
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APPENDIX A
RELATIVE ABUNDANCE OF COMPOUNDS IN MALE URINE WHEN EXPOSED
TO FEMALE PERI-ESTRUAL URINE IN CHAPTER V
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0.0000

0.0010*

0.0019

0.0000

0.0008*

DAY9

0.0051±0.0070

0.0025±0.0039

0.0002±0.0004

0.0002±0.0005

0.0011±0.0013

0.0003±0.0006

0.0010±0.0010

0.0095±0.0227

0.0000±0.0001

0.0115±0.0267

0.0079±0.0178

0.0006±0.0013

Post

Mean ± standard deviation of relative abundance of volatile compound response of male giant pandas to days of peri-estrual urine
in spring. No sample was collected after the Day -6 trial from the subject housed at Memphis Zoo. No sample was collected after
the habitation (H), Day -3 or Day 4 trial from the subject housed at San Diego Zoo. An asterisk (*) indicates that the measure after
the trial day is outside the 95% CI for the data before the trial.

0.0000±0.0000

C1

#461

0.0000±0.0000

C1

#732

0.0000±0.0000

C1

#415

0.0000±0.0000

Baseline

Relative abundance of compounds in male giant panda urine when exposed to female peri-estrual urine in breeding
season

C1

#466

Animal

Table A.1

284

0.0001±0.0001

0.0000±0.0000

0.0006±0.0007

0.0004±0.0003

0.0001±0.0001

0.0011±0.0006

0.0076±0.0096

0.0000±0.0000

0.0005±0.0005

C17

C18

C19

C20

C21

C22

C23

C24

C25

0.0004±0.0004

C12

0.0000±0.0000

0.0003±0.0004

C11

C16

0.0011±0.0002

C10

0.0000±0.0000

0.0000±0.0000

C9

C15

0.0004±0.0003

C8

0.0000±0.0000

0.0000±0.0000

C7

C14

0.0005±0.0003

C6

0.0003±0.0002

0.0056±0.0052

C5

C13

0.0008±0.0009

Baseline

0.0051*

0.0003*

0.0000

0.0001

0.0123*

0.0002

0.0048*

0.0000

0.0029*

0.0000

0.0000

0.0000

0.0022*

0.0003

0.0000

0.0000

0.0100*

0.0002

0.0000

0.0072*

0.0000

0.0000

H

0.0020*

0.0000

0.0170

0.0014

0.0001

0.0028*

0.0000

0.0071*

0.0000

0.0000

0.0000

0.0000

0.0199*

0.0010*

0.0006

0.0000

0.0000

0.0012*

0.0000

0.0000

0.0306*

0.0000

DAY-13

0.0012*

0.0037*

0.0178

0.0018*

0.0002

0.0054*

0.0043*

0.0096*

0.0000

0.0025*

0.0000

0.0120*

0.0221*

0.0019*

0.0011*

0.0016*

0.0000

0.0013*

0.0000

0.0002

0.0034

0.0000

DAY-6

0.0008

0.0023*

0.0283*

0.0012

0.0004*

0.0072*

0.0025*

0.0000

0.0102*

0.0014*

0.0018*

0.0049*

0.0237*

0.0006

0.0027*

0.0027*

0.0122*

0.0047*

0.0010*

0.0003

0.0148*

0.0017

DAY-3

0.0055*

0.0007*

0.0000

0.0011

0.0008*

0.0003

0.0000

0.0000

0.0152*

0.0001*

0.0000

0.0028*

0.0003

0.0000

0.0000

0.0016*

0.0093*

0.0011*

0.0000

0.0000

0.0004

0.0000

DAY-2

0.0128*

0.0000

0.0274*

0.0009

0.0111*

0.0004

0.0044*

0.0065*

0.0000

0.0000

0.0000

0.0000

0.0007*

0.0000

0.0004

0.0000

0.0000

0.0001

0.0006*

0.0135*

0.0000

0.0003

DAY-1

0.0014*

0.0000

0.0000

0.0015

0.0000

0.0024*

0.0022*

0.0112*

0.0097*

0.0016*

0.0000

0.0133*

0.0463*

0.0050*

0.0000

0.0000

0.0109*

0.0007*

0.0000

0.0001

0.0300*

0.0000

DAY0

0.0002

0.0000

0.0000

0.0055*

0.0000

0.0003

0.0000

0.0007*

0.0000

0.0001*

0.0000

0.0057*

0.0019*

0.0000

0.0000

0.0031*

0.0074*

0.0003

0.0000

0.0003

0.0003

0.0000

DAY4

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

DAY9

0.0029±0.0057

0.0006±0.0011

0.0168±0.0173

0.0008±0.0006

0.0087±0.0135

0.0009±0.0018

0.0007±0.0013

0.0081±0.0125

0.0033±0.0051

0.0015±0.0030

0.0000±0.0000

0.0017±0.0027

0.0059±0.0067

0.0046±0.0104

0.0000±0.0001

0.0015±0.0027

0.0062±0.0049

0.0005±0.0005

0.0000±0.0000

0.0011±0.0021

0.0021±0.0022

0.0001±0.0002

Post

Relative abundance of compounds in male urine when exposed to female peri-estrual urine in non-breeding season

C4

#466

Animal

Table A.2
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0.0000±0.0000

0.0002±0.0003

0.0050±0.0039

0.0037±0.0008

0.0000±0.0000

0.0033±0.0015

0.0066±0.0045

0.0000±0.0000

0.0002±0.0002

C28

C29

C30

C31

C32

C33

C34

C35

C36

0.0000±0.0000

0.0001±0.0002

0.0006±0.0000

0.0000±0.0000

0.0025±0.0023

0.0000±0.0000

0.0000±0.0000

0.0000±0.0001

0.0000±0.0000

0.0003±0.0002

0.0021±0.0031

C4

C5

C6

C7

C8

C9

C10

C11

C12

C13

C14

#732

0.0000±0.0000

0.0035±0.0024

C27

C37

0.0006±0.0012

C26

Table A.2 (continued)

0.0000

0.0294*

0.0000

0.0019*

0.0000

0.0021*

0.0114*

0.0000

0.0016*

0.0098*

0.0000

0.0000

0.0022*

0.0000

0.0056

0.0000

0.1307*

0.0027

0.0000

0.0035*

0.0000

0.0000

0.0461*

0.0000

0.0105*

0.0000

0.0015*

0.0000

0.0020*

0.0070*

0.0000

0.0013*

0.0071*

0.0000

0.0000

0.0000

0.0054*

0.0168*

0.0128*

0.0000

0.0004

0.0000

0.0000

0.0042*

0.0046

0.0000

0.0000

0.0030*

0.0150*

0.0002*

0.0006*

0.0000

0.0150*

0.0000

0.0022*

0.0002

0.0000

0.0161*

0.0019*

0.0064*

0.0133*

0.0094*

0.0000

0.0025

0.0033

0.0028*

0.0000

0.0087*

0.0000

0.0000

0.0167*

0.0000

0.0044*

0.0087*

0.0000

0.0122*

0.0004*

0.0005

0.0051*

0.0015*

0.0000

0.0024*

0.0706*

0.0202*

0.0093*

0.0000

0.0538*

0.0029

0.0025*

0.0000

0.0088*

0.0425*

0.0000

0.0219*

0.0000

0.0000

0.0000

0.0000

0.0041

0.0000

0.0006

0.0105*

0.0000

0.0000

0.0000

0.0019*

0.0188*

0.0039

0.1172*

0.0034

0.0025

0.0032*

0.0000

0.0046

0.0013

0.0000

0.0071*

0.0031*

0.0004*

0.0213*

0.0000

0.0035

0.0032*

0.0000

0.0000

0.0015*

0.0000

0.0005*

0.0100*

0.0167*

0.0098*

0.0000

0.0021

0.0114*

0.0029*

0.0000

0.0000

0.0000

0.0205*

0.0012*

0.0000

0.0000

0.0095*

0.0043*

0.0005

0.0000

0.0045*

0.0000

0.0000

0.0119*

0.0000

0.0032*

0.0000

0.0059*

0.0906*

0.0000

0.0044

0.0032*

0.0000

0.0064*

0.0083*

0.0000

0.0092*

0.0011*

0.0046*

0.0107*

0.0000

0.0115*

0.0009*

0.0000

0.0097*

0.0028*

0.0000

0.0243*

0.0000

0.0028

0.0049

0.0000

0.0039

0.0000

0.0020*

0.0000

0.0002

0.0030*

0.0027

0.0016*

0.0000

0.0012*

0.0031*

0.0000

0.0008

0.0000

0.0001

0.0112*

0.0211*

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

0.0059±0.0094

0.0226±0.0230

0.0002±0.0004

0.0021±0.0023

0.0068±0.0071

0.0026±0.0039

0.0087±0.0111

0.0011±0.0013

0.0028±0.0038

0.0066±0.0103

0.0010±0.0018

0.0020±0.0042

0.0008±0.0010

0.0056±0.0101

0.0123±0.0142

0.0021±0.0028

0.0102±0.0249

0.0098±0.0189

0.0027±0.0040

0.0031±0.0038

0.0000±0.0000

0.0029±0.0025

0.0202±0.0297
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0.0000±0.0000

0.0000±0.0000

0.0000±0.0000

0.0003±0.0006

0.0000±0.0000

0.0016±0.0017

0.0000±0.0000

C31

C32

C33

C34

C35

C36

C37

0.0001±0.0001

C25

0.0000±0.0000

0.0000±0.0000

C24

C30

0.0048±0.0038

C23

0.0000±0.0000

0.0000±0.0000

C22

C29

0.0000±0.0000

C21

0.0000±0.0000

0.0010±0.0009

C20

C28

0.0000±0.0000

C19

0.0001±0.0002

0.0013±0.0016

C18

C27

0.0000±0.0000

C17

0.0046±0.0055

0.0000±0.0000

C16

C26

0.0000±0.0000

C15

Table A.2 (continued)

0.0000

0.0000

0.0000

0.0000

0.0067*

0.0000

0.0144*

0.0000

0.0000

0.0000

0.0283*

0.0000

0.0010*

0.0000

0.0000

0.0048*

0.0000

0.0061*

0.0000

0.0000

0.0037*

0.0000

0.0000

0.0000

0.0000

0.0000

0.0049*

0.0034*

0.0000

0.0000

0.0000

0.0000

0.0018*

0.0000

0.0000

0.0006*

0.0000

0.0000

0.0000

0.0000

0.0045*

0.0000

0.0015

0.0000

0.0000

0.0000

0.0001*

0.0008

0.0101*

0.0373*

0.0029*

0.0000

0.0035*

0.0066*

0.0069*

0.0000

0.0002

0.0000

0.0150*

0.0010*

0.0029

0.0026*

0.0002*

0.0184*

0.0140*

0.0008

0.0031*

0.0001*

0.0000

0.0107*

0.0028

0.0020*

0.0076*

0.0059*

0.0000

0.0046*

0.0024*

0.0016*

0.0000

0.0064*

0.0000

0.0008*

0.0000

0.0181*

0.0009*

0.0003*

0.0094*

0.0044*

0.0078*

0.0000

0.0000

0.0000

0.0000

0.0063*

0.0000

0.0069*

0.0041*

0.0000

0.0000

0.0014*

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0054*

0.0000

0.0000

0.0227*

0.0052*

0.0000

0.0000

0.0006

0.0000

0.0034*

0.0000

0.0000

0.0038*

0.0000

0.0000

0.0103*

0.0002

0.0000

0.0000

0.0000

0.0206*

0.0000

0.0183*

0.0011

0.0000

0.0000

0.0013*

0.0000*

0.0007*

0.0000

0.0001

0.0000

0.0104*

0.0000

0.0000

0.0000

0.0000

0.0034*

0.0000

0.0000

0.0575*

0.0002*

0.0013*

0.0748*

0.0000

0.0227*

0.0005

0.0031*

0.0113*

0.0000

0.0000*

0.0013*

0.0000

0.0017

0.0035*

0.0146*

0.0050*

0.0000

0.0038*

0.0043*

0.0012*

0.0000

0.0038*

0.0000

0.0006*

0.0000

0.0173*

0.0008*

0.0003*

0.0091*

0.0047*

0.0058*

0.0013*

0.0000

0.0000

0.0060*

0.0053*

0.0000

0.0000

0.0000

0.0205*

0.0000

0.0051*

0.0173*

0.0000

0.0000

0.0774*

0.0002*

0.0156*

0.0000

0.0043*

0.0003*

0.0046*

0.0020*

0.0000

0.0009*

0.0000*

0.0020*

0.0011±0.0026

0.0072±0.0106

0.0008±0.0016

0.0086±0.0065

0.0017±0.0025

0.0075±0.0159

0.0226±0.0485

0.0032±0.0032

0.0005±0.0009

0.0026±0.0044

0.0033±0.0032

0.0079±0.0107

0.0017±0.0031

0.0022±0.0050

0.0084±0.0102

0.0003±0.0004

0.0033±0.0089

0.0141±0.0209

0.0022±0.0030

0.0014±0.0030

0.0017±0.0034

0.0008±0.0011

0.0000±0.0000
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0.0000±0.0000

0.0000±0.0000

0.0001±0.0001

0.0000±0.0000

0.0000±0.0000

0.0000±0.0000

0.0000±0.0000

0.0003±0.0003

0.0015±0.0029

C19

C20

C21

C22

C23

C24

C25

C26

0.0006±0.0006

C13

C18

0.0000±0.0000

C12

0.0000±0.0000

0.0001±0.0001

C11

C17

0.0019±0.0017

C10

0.0000±0.0000

0.0000±0.0000

C9

C16

0.0009±0.0002

C8

0.0000±0.0000

0.0000±0.0000

C7

C15

0.0000±0.0000

C6

0.0005±0.0007

0.0002±0.0002

C5

C14

0.0002±0.0002

C4

#461

Table A.2 (continued)

0.0173*

0.0033*

0.0000

0.0067*

0.0011*

0.0001*

0.0068*

0.0028*

0.0000

0.0023*

0.0000*

0.0000

0.0077*

0.0000

0.0016*

0.0001

0.0054*

0.0030*

0.0008

0.0000

0.0018*

0.0003*

0.0002

0.0057*

0.0025*

0.0000

0.0000

0.0000

0.0007*

0.0000

0.0000

0.0000

0.0041*

0.0075*

0.0000

0.0307*

0.0294*

0.0012*

0.0035*

0.0000

0.0066*

0.0154*

0.0032*

0.0000

0.0000

0.0019*

0.0000

0.0021*

0.0000

0.0179*

0.0000

0.0000

0.0000

0.0031*

0.0000

0.0075*

0.0000

0.0000

0.0240*

0.0185*

0.0051*

0.0038*

0.0109*

0.0000

0.0192*

0.0032*

0.0011*

0.0000

0.0061*

0.0000

0.0000

0.0000

0.0197*

0.0000

0.0000

0.0010*

0.0000

0.0000

0.0000

0.0175*

0.0000

0.0000

0.0354*

0.0000

0.0000

0.0000

0.0033*

0.0000

0.0000

0.0011*

0.0216*

0.0000

0.0261*

0.0000

0.0000

0.0000

0.0000

0.0009*

0.0000

0.0000

0.0000

0.0000

0.0110*

0.0000

0.0000

0.0452*

0.0000

0.0000

0.0000

0.0000

0.0308*

0.0000

0.0015*

0.0176*

0.0000

0.0775*

0.0042*

0.0000

0.0000

0.0025*

0.0000

0.0000

0.0000

0.0000

0.0098*

0.0001*

0.0000

0.0376*

0.0012

0.0000

0.0000

0.0087*

0.0000

0.0004

0.0028*

0.0035*

0.0000

0.0033*

0.0000

0.0363*

0.0000

0.0070*

0.0002*

0.0000

0.0000

0.0047*

0.0077*

0.0004*

0.0000

0.0000

0.0015*

0.0003

0.0000

0.0000

0.0006

0.0275*

0.0035*

0.0000

0.0000

0.0000

0.0003

0.0049

0.0032*

0.0019*

0.0000

0.0017*

0.0008*

0.0000

0.0000

0.0000

0.0050*

0.0033*

0.0000

0.0000

0.0263*

0.0000

0.0035*

0.0126*

0.0000

0.0213*

0.0025*

0.0013*

0.0000

0.0056*

0.0078*

0.0000

0.0005*

0.0000

0.0000

0.0002*

0.0000

0.0000

0.0000

0.0000

0.0000

0.0051*

0.0222*

0.0449*

0.0000

0.0000

0.0000

0.0000

0.0019*

0.0000

0.0076*

0.0000

0.0023*

0.0010±0.0025

0.0010±0.0012

0.0003±0.0008

0.0046±0.0093

0.0010±0.0011

0.0017±0.0039

0.0001±0.0002

0.0019±0.0036

0.0012±0.0028

0.0012±0.0019

0.0012±0.0014

0.0094±0.0230

0.0080±0.0158

0.0053±0.0070

0.0000±0.0000

0.0012±0.0028

0.0049±0.0076

0.0003±0.0008

0.0010±0.0007

0.0001±0.0003

0.0005±0.0012

0.0002±0.0004

0.0006±0.0010
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0.0000±0.0000

0.0000±0.0000

0.0007±0.0009

0.0009±0.0007

0.0000±0.0000

0.0000±0.0000

0.0014±0.0014

0.0000±0.0000

0.0000±0.0000

0.0000±0.0000

C28

C29

C30

C31

C32

C33

C34

C35

C36

C37

0.0000

0.0000*

0.0000

0.0062*

0.0000

0.0000

0.0012

0.0010

0.0000

0.0012*

0.0000

0.0000

0.0095*

0.0000

0.0130*

0.0000

0.0000

0.0040*

0.0000

0.0023*

0.0030*

0.0000

0.0177*

0.0033*

0.0000

0.0122*

0.0000

0.0000

0.0081*

0.0055*

0.0042*

0.0000

0.0000

0.0000

0.0000

0.0202*

0.0000

0.0056*

0.0000

0.1632*

0.0032*

0.0000

0.0000

0.0096*

0.0560*

0.0000

0.0000

0.0062*

0.0067*

0.0000

0.0116*

0.0000

0.0000

0.0000

0.0000

0.0000

0.0003*

0.0000

0.0292*

0.0000

0.0000

0.0126*

0.0052*

0.0035*

0.0123*

0.0000

0.0000

0.0002*

0.0000

0.0017

0.0172*

0.0000

0.0010

0.0081*

0.0033*

0.0000

0.0000

0.0000

0.0083*

0.0000

0.0000

0.0000

0.0000

0.0252*

0.0000

0.0000

0.0000

0.0268*

0.0000

0.0002*

0.0000

0.0028

0.0000

0.0004*

0.1924*

0.0021*

0.0000

0.0000

0.0000

0.0042±0.0094

0.0050±0.0100

0.0446±0.1093

0.0093±0.0088

0.0013±0.0024

0.0004±0.0010

0.0141±0.0235

0.0017±0.0023

0.0018±0.0022

0.0014±0.0023

0.0032±0.0051

Mean ± standard deviation of relative abundance of volatile compound response of male giant pandas to days of peri-estrual urine
in fall. No sample was collected after the Day 9 trial from the subject housed at Memphis Zoo. An asterisk (*) indicates that the
measure after the trial day is outside the 95% CI for the data before the trial.

0.0001±0.0001
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Table A.2 (continued)

APPENDIX B
INVESTIGATING IN SITU GIANT PANDA POPULATION DYNAMICS THROUGH
EXTRACTION OF VOLATILE COMPOUNDS
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Executive Summary
The elusive giant panda (Ailuropoda melanoleuca) utilizes volatile chemical cues
to determine identity, gender, and sexual receptivity of conspecifics across fragmented
habitats. With isolated populations still at risk for extinction, field air analysis (FAA) and
solid phase microextraction (SPME) was used to collect volatile compounds from freeranging giant pandas residing in the Wolong Nature Reserve in the Sichuan province of
China. In collaboration with Dr. Zhang Zejun at China West Normal University, volatile
compounds captured by securing SPME fibers at scent marking trees were analyzed with
gas chromatography mass spectrometry (GC-MS) in order to determine the ability to
detect free-ranging giant pandas. Identification of the volatile compounds giant pandas
use to communicate with conspecifics will provide valuable knowledge of population
dynamics and communication across isolated populations.
Objectives and Hypothesis
Research focus: Detect and identify possible pheromones produced by giant pandas.
Hypothesis: Free-ranging giant pandas have unique volatile chemical profiles detectable
in air that vary with distribution and habitat.
Objective: Detect the presence of giant pandas by collecting volatile biogenic
compounds through field air analysis/solid phase microextraction.
Background
The giant panda, Ailuropoda melanoleuca, is a vulnerable ursid that resides in
China (Schaller et al., 1985). Giant pandas are a mono-estrus, solitary species (Schaller et
al., 1985; Kleiman, 1983) that have become secluded to high ridge tops surrounded by
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logging and farming sites, leaving little ability for genetic mixing (Wildt et al., 2006; Lü
et al., 2008). This species relies on olfactory cues to locate potential mates and
communicate information related to sex and age (Yuan et al., 2004; Liu, 2013), gender
and individuality (Hagey and Macdonald, 2003; Liu et al., 2008), individual chemical
signatures (Swaisgood et al., 1999; Zhang et al., 2008), and reproduction (Liu, 2013;
Dehnhard et al., 2005, 2006). The International Union for Conservation of Nature
recently down-listed the giant panda to vulnerable status due to an overall increase in
population size (State Forestry Administration, 2015; Swaisgood et al., 2016); however,
some isolated populations appear to be decreasing in number (Zhu et al., 2010) and
demonstrate genetic differences across populations (Zhu et al., 2011). To increase genetic
viability of small populations, giant pandas require continued conservation and
management aimed at facilitating communication and breeding across isolated
populations. Chemical communication research conducted among free-ranging giant
pandas in Wolong Nature Reserve, located in the Sichuan province of China, in
collaboration with Dr. Zhang Zejun at China West Normal University will determine if
chemical cues used for communication can be detected by field air analysis/solid phase
microextraction. Future research will determine population dynamics in a given area and
explore habitat use among individuals by assessing variation in the volatile profile. This
research has the potential to provide information to management for connecting isolated
populations of giant pandas through the identification of chemical cues that can be used
to track and identify individuals, determine attractants for population census and habitat
relocation, and assess ecological variables affecting wild populations.
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The objective of this study was to collect volatile biogenic compounds from freeranging giant pandas by placing SPME fibers at scent marking trees determine the ability
of detecting the presence of giant pandas. FAA/SPME was conducted throughout giant
panda habitat in Wolong Nature Reserve. Volatiles adsorbed onto the fibers were
analyzed and identified with a GC-MS. With low population numbers of giant pandas in
the wild spread across fragmented habitats, a better knowledge of chemical
communication in this species may provide vital information to improve the conservation
and management of giant pandas.
Summary of Progress
FAA/SPME was conducted over a one month period in the Wolong Nature
Reserve, located in the Sichuan province of China. SPME fibers were secured on to scent
marking trees located in Wuyipeng and Hetaoping habitat areas. Recent signs of giant
pandas were identified as less than one week old feces, scratch marks on trees, and
obvious signs of urination and scent marking on trees. The field guides were
knowledgeable in which trees were used for communication by giant pandas. Eleven
known scent marking trees were selected in Wuyipeng and ten were selected in
Hetaoping ranging from 2600m to 2900m (Figure B.1).
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Figure B.1

Field air analysis/solid phase microextraction study area

The study area was located in Wolong Nature Reserve. Scent marking trees were sampled
in Hetaoping and Wuyipeng habitat areas.

In each of the designated sites, 3 SPME fibers were secured to each scent marking
tree with garden wire approximately 1 meter above ground (Figure B.2). SPME fibers
remained in place for 48 hours to collect volatile compounds. Plastic bowls were placed
over the SPME fiber in order to prevent rain damage and analyte loss. Environmental
variables (wind, rain, fog, etc) were recorded each day. Video cameras were also placed
at each sampling site to determine the presence of giant pandas. Each scent marking tree
was sampled for 48-96 hours. After removal, SPME fibers were placed into cool storage
to prevent analyte loss and returned to the laboratory for analysis at China West Normal
University.
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Figure B.2

SPME sampling of scent marking tree

Three SPME fibers were secured at each scent marking tree and exposed to the
environment for 48 hours.

SPME fibers were transported to China West Normal University in Nanchong,
Sichuan, China. Extracted volatile components adsorbed onto the fiber were analyzed
using an Agilent 7890A gas chromatograph (GC) with helium as a carrier gas passing
through a VF-5ms column coupled to an Agilent 240 ion trap mass selective detector
(MS). Control samples from each sampling area (no presence of giant panda recorded by
camera trap) and samples containing animal activity including giant panda, red panda,
masked civet, and badger were analyzed for volatile compounds. A single giant panda
visited one scent marking tree during the study period. The subject actively performed
scent marking behavior on the tree surface below the secured SPME fibers. The volatile
profile of the tree visited by the giant panda was compared to a control tree (no presence
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of giant panda) to assess differences in the abundance and composition of the overall
volatile profile (Figure B.3).

Figure B.3

Total ion chromatogram of giant panda FAA/SPME sample

Total ion chromatogram of giant panda FAA/SPME sample (black) and control tree
(blue) (enlarged to show peaks of interest).

Qualitatively, the abundance and composition of the giant panda FAA/SPME tree
is both increased and variable when compared to the control tree. Given these
differences, it is likely that giant pandas can be detected by their volatile profile. Future
work will enlist the Wiley Registry 10th Edition/NIST 2012 Mass Spectral Library to
tentatively identify the particular compounds present in the giant panda FAA/SPME
sample. These compounds will then be compared to previous studies to identify any
common volatile compounds in urine and gland secretions. Finally, total ion
chromatograms will be compared to other animal visitations to distinguish the unique
giant panda volatile profile. Unique volatile profiles may provide a novel method for
detecting free-ranging giant pandas.
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Future Collaboration
The proposed study has provided researchers with a preliminary understanding of
using solid phase microextraction fibers to detect free-ranging giant pandas. Application
of FAA/SPME/GC-MS to track giant panda chemical communication has the potential to
facilitate information to local community and management for connecting isolated giant
panda populations. Partnerships established throughout the study period have provided
the opportunity to disseminate the methods and results of this research to students,
assistants, and the local people in order to communicate the importance and benefits of
connecting fragmented populations. The FAA/SPME/GC-MS technique has been
developed throughout the study period resulting in future collaborations with Chinese
researchers at China West Normal University and Chinese Academy of Sciences that
could implement this technique to identify volatile compounds related to reproductive
status, anthropogenic factors, and ecological variables. I aim to apply for post-doctoral
fellowship funding in the coming months in order to continue this research next year.
Collaboration with the field guides in Wolong Nature Reserve and professors at China
West Normal University have been established in order to conduct this research.
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APPENDIX C
ESTROUS CYCLE OF FEMALE GIANT PANDA
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The estrous cycle of female giant pandas can be divided into four physiological
stages: proestrus, estrus, metestrus, and diestrus (Figure C.1). Day 0 is the presumed date
of ovulation. The stages of the estrous cycle are relative to the estrogen ng/creatinine mg
concentration measured in female giant panda urine. Estrogen will rise for approximately
1-2 weeks (proestrus) followed by a peak and rapid decline (estrus). Once estrogen has
returned to baseline, progesterone will begin to rise during metestrus. The period of time
when females are not sexually receptive is referred to as diestrus. These definitions are
specifically used in Chapter V and are described throughout the dissertation.

Figure C.1

Physiological stages of estrous cycle in female giant pandas

Physiological stages of estrous cycle in female giant pandas relative to urinary estrogen
ng/creatinine mg concentration. Day 0 is the presumed date of ovulation.
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APPENDIX D
SOLID PHASE MICROEXTRACTION METHOD DEVELOPMENT

301

Extraction and Confirmation of Volatile Compounds
Solid phase microextraction (SPME) fibers were used to extract volatile
compounds from giant panda urine samples. A series of experiments were conducted in
order to determine the appropriate extraction conditions. SPME fibers were exposed to
the headspace of 100µl of thawed urine in a 10mL glass vial. The temperature at which
the glass vial was maintained as well as the length of time the SPME fiber was exposed
to the urine sample were manipulated in order to generate optimum conditions for
extraction of volatile compounds. SPME fibers were exposed to urine samples under
three different conditions (1) urine sample at 25°C and SPME fiber exposed for 2 hours,
(2) urine sample at 70°C and SPME fiber exposed for 1 hour, and (3) urine sample at
70°C and SPME fiber exposed for 2 hours. A single female giant panda urine sample was
extracted by each of these methods and the resulting chromatograms were compared for
similarities and differences in the number of compounds and abundance of compounds.
An increase in temperature will encourage compounds to volatilize, moving from
the liquid phase to the vapor phase and the appropriate length of time will allow for these
compounds to be adsorbed onto the SPME fiber. The abundance and number of
carboxylic acids (butyric acid, hexanoic acid, octanoic acid, nonanoic acid, decanoic acid,
dodecanoic acid, hexadecanoic acid, and octadecanoic acid) were used to determine
which method would provide the optimum extraction conditions. Carboxylic acids are
widely studied volatile compounds that have been identified in giant panda urine as well
as several other mammalian secretions. These compounds were easily identified in the
single giant panda urine sample used for this extraction method development. Lastly,
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authentic standards of these compounds were readily available in our laboratory in order
to confirm the tentative identifications of these compounds.
The first extraction procedure (urine sample at 25°C and SPME fiber exposed for
2 hours) revealed the least number of compounds compared to the other two extraction
methods. The carboxylic acids listed above were easily identified in chromatograms from
both of the 70°C extraction procedures. When urine samples were extracted for 1 hour
maintained at 70°C, butyric acid, hexanoic acid, octanoic acid, nonanoic acid, decanoic
acid, and dodecanoic acid were identified; however, when samples were extracted for 2
hours at the same temperature, the same carboxylic acids were present in addition to
hexadecanoic acid and octadecanoic acid. The abundance of the carboxylic acids in both
extraction proceudres were similar (Figure D.1).
Therefore, the extraction procedure where SPME fibers were exposed to urine
samples maintained at 70°C for 2 hours appeared to produce the optimum chromatogram
compared to the other extraction methods. While giant pandas are not likely to encounter
urine samples at this temperature, we believe this procedure allows for the collection of a
wide range of volatile compounds that are present in urine samples. Our extraction
techniques are likely not as sensitive as the nose and subsequent vomeronasal organ in
giant pandas; therefore, this method provides information regarding the entire volatile
profile that the giant pandas may be detecting as they investigate urine.
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Figure D.1

Extracted ion chromatogram (60 m/z) of female giant panda urine sample

Carboxylic acids tentatively identified in urine during (A) urine extracted at 25°C for 2
hours, (B) urine extracted at 70°C for 1 hour, and (C) urine extracted at 70°C for 2 hours.
Chromatogram is enlarged from 1-26 minutes to show peaks of interest.

Once the extraction procedure was established, SPME fibers were then exposed to
a single urine sample and an empty glass vial. The empty glass vial served as a blank for
each extraction throughout the chapters of this dissertation. The glass vial did not contain
any liquid and underwent the same extraction procedure as glass vials that contained a
urine sample. SPME fibers were exposed to empty glass vials concurrent with about
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every 10 urine samples to serve as a blank and control. Several peaks from the glass vial
were present in the chromatograms and therefore removed from analysis of giant panda
urine samples (Figure D.2).

Figure D.2

Total ion chromatogram of urine sample and blank

Total ion chromatogram of a single giant panda urine sample (blue) overlaid with a total
ion chromatogram of an empty glass vial as the blank control (black).
The identification of carboxylic acids in giant panda urine were confirmed by
analyzing authentic standards by the same extraction procedure. Butyric acid (C4),
hexanoic acid (C6), octanoic acid (C8), nonanoic acid (C9), decanoic acid (C10), and
dodecanoic acid (C12) were purchased from Sigma Aldrich Co. Standards of these
compounds were generated by weighing a known amount of each compound and then
combining with hexane to ultimately create a known concentration of the compound.
Further dilutions with hexane were performed until a 10ppm mixture was generated.
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These carboxylic acids were combined into one solution with each compound at a 10ppm
concentration. The presence of each standard compound was compared to the tentative
identifications of carboxylic acids in giant panda urine (Figure D.3). The retention time
as well as the ion fragmentation pattern of each compound was compared across the
standard mixture and the giant panda urine sample. This method was used to confirm the
tentative identifications of certain compounds in giant panda urine samples.

Figure D.3

Extracted ion chromatogram (60 m/z) of carboxylic acids

Extraction ion chromatogram of a single giant panda urine sample (black) compared to
authentic standards of carboxylic acids (blue). Carboxylic acids are labeled by carbon
number in red (Butyric acid (C4), hexanoic acid (C6), octanoic acid (C8), nonanoic acid
(C9), decanoic acid (C10), and dodecanoic acid (C12)).
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Freeze and Thaw Study
Giant panda urine samples often undergo a series of freeze/thaw cycles in order to
use samples for multiple experiements. Urine samples are collected from the floor of the
enclosure and immedietly placed into cold storage at -20°C. Urine samples remain frozen
until they are thawed for extraction by a solid phase microextraction (SPME) fiber. In
order to assess if freeze/thaw cycles had an affect on the volatile composition of giant
panda urine, we analyzed volatile compounds extracted from a single urine sample that
had been frozen and thawed 7 times over the course of 3 weeks. The freeze/thaw
experiment consisted of extractions occurring at the intital thaw, one hour later, 6 hours
later, 12 hours later, 24 hours later, 1 week later, and 3 weeks after the initial thaw. Each
extraction was performed by exposing the SPME fiber to the headspace of a 100µl of
thawed urine sample for 2 hours at 25°C.
As previously described above, carboxylic acids were used to identify changes in
the volatile profile due to several freeze/thaw cycles. Octanoic acid (C8), nonanoic acid
(C9), decanoic acid (C10), and hexadecanoic acid (C16) were identified in the single
urine sample that was manipulated through several freeze/thaw cycles. The composition
of the carboxylic acids did not change when urine samples underwent 5 freeze/thaw
cycles over the course of 24 hours; however, the abundance of compounds appeared to
decrease (Figure D.4). Giant panda urine samples are typically not frozen and thawed
more than 3-4 times to ensure degredation of the components does not occur. Therefore,
if giant panda urine samples were frozen and thawed multiple times, our extraction
procedure would collect the same compounds, but the abundance may vary.
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Figure D.4

Extracted ion chromatogram (60 m/z) of urine during freeze/thaw study

Extracted ion chromatogram of a single giant panda urine sample before (black) and after
5 freeze/thaw cycles (blue) over the course of 24 hours. Chromatograms are enlarged
from 8-19 minutes to show peaks of interest (Octanoic acid (C8), nonanoic acid (C9),
decanoic acid (C10), and hexadecanoic acid (C16)).
SPME Saturation Experiment
An experiment was conducted in order to determine when a SPME fiber has
become saturated (e.g. all adsorption sites are full). We created a mixture of authentic
standard compounds: 2-Heptanone, 2-Methoxy-4-Vinylphenol, Methyl Salicylate, and
Squalene. All compounds were at a 10ppm concentration and combined in hexane. A
single SPME fiber was exposed to this mixture at 70°C and for varying amounts of time.
The standard mixture was extracted for (1) 30 minutes, (2) 1 hour, (3) 2 hours, (4) 4
hours, (5) 8 hours, and (6) 12 hours to determine at what point the SPME fiber would
become saturated. The time point at which the abundance of the standard compounds no
longer changed suggests the amount of time it takes for the SPME fiber to become
saturated. The peak are of each compound was compared across the time points, but not
to each compound (Table D.1).
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Table D.1
Compound
2-Heptanone
Methyl
Salicylate
2-Methoxy-4vinylphenol
Squalene

Peak area of compounds during SPME saturation
RT

30 min

1 hr

2 hr

4 hr

8 hr

12 hr

3.793

33693577

27619987

11710047

9799931

11538067

6740733

7.926

275243743

272401789

255611648

254496030

248283757

191920336

9.369

59107853

93577156

71475745

75724746

59925078

31953109

32.465

631215

979212

2226710

9340879

18055173

26761848

The retention time (RT) and peak area (counts*sec) of each compound is listed for each
amount of extraction time during the SPME saturation experiment.
Each compound was identified in each of the chromatograms generated from the
analysis of the SPME fiber after the appropriate extraction time. The peak area
(counts*sec) of each compound varied according to extraction time. 2-Heptanone, 2Methoxy-4-Vinylphenol, Methyl Salicylate, and Squalene vary by molecular weight,
boiling point, and vapor pressure. 2-Heptanone has the lowest boiling point, while
Squalene has the highest boiling point of the compounds used in this experiment. The
peak area of 2-Heptanone was greatest after the 30 minute extraction and decreased
thereafter. The peak area of 2-Methoxy-4-Vinylphenol was greatest after the 1 hour
extraction and declined during the following extraction periods. The peak area of Methyl
Salicylate was greatest at 30 minutes and continued to decrease during the following time
points. Squalene demonstrated the highest peak area after 2 hours of extraction and
continued to increase for the remaining time periods. Overall, the peak area of 3 out of
the 4 compounds appeared to plateau between 2 and 8 hours of extraction time and then
decrease at the 12 hour time point (Figure D.5). Therefore, our data suggests that SPME
fibers become saturated between 2 and 8 hours of extraction time depending on the
compound and the environmental conditions (temperature, pH, etc).
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Figure D.5

SPME Saturation Experiment

The peak area (counts*sec) of each compound is shown after each extraction period.
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APPENDIX E
STATISTICAL CODE
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SAS CODE
Analysis of Variance (ANOVA)
ANOVA was used to determine differences in the relative abundance of urinary
volatile compounds relative to season, sex, and days of the estrous cycle in male and
female giant pandas. Means were separated by Fisher’s least significant difference test.
These methods are described in Chapters II and III.
##INPUT DATA
DATA BEAR;
INPUT SEASON $ SEX $ C1-C146;
DATALINES;
RUN;
##GENERATE MEANS TABLES
PROC MEANS SUM MEAN STDERR;
VAR C1--C146;
CLASS SEASON SEX;
WAYS 1 2;
RUN;
##TWO-WAY ANOVA
PROC GLM DATA=BEAR;
CLASS SEASON SEX;
MODEL C1--C146 = SEASON|SEX;
LSMEANS SEASON*SEX/LINES;
RUN;
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R CODE
Binary Logistic Regression
Binary logistic regression was used to determine the predicted probability of a
particular compound being present in the enclosure of male and female giant pandas
during the breeding and non-breeding seasons. This method is described in Chapter IV.
LIBRARY(GGPLOT2)
LIBRARY(DPLYR)
##LOAD DATA
DF <- READ.CSV("DATA.CSV")
##LOOP THROUGH COMPOUNDS, FIT LOGISTIC MODELS, EXTRACT
PREDICTED VALUES
##CREATE LIST OF COMPOUNDS TO LOOP THROUGH
COMP <- COLNAMES(DF)[3:40]
##CREATE EMPTY DATA FRAME TO STORE PREDICTED VALUES IN
PREDICTED_RESPONSES <- DATA.FRAME()
###CREATE DATAFRAME TO PREDICT ON, WITH ALL UNIQUE
COMBOS OF SEX AND SEASON
PRED_DATA <- DATA.FRAME(SEX=C("F","F","M","M"),
SEASON=C("E","N","E","N"))
##LOOP
FOR(I IN 1:LENGTH(COMP)){
A <- DF[,C(COMP[I],"SEX","SEASON")] ##PULL OUT COMPOUND I
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COLNAMES(A) <- C("COMPOUND_I","SEX","SEASON") ##CHANGE
COL NAMES
MOD_I <- GLM(COMPOUND_I ~ SEX + SEASON + SEX*SEASON,
DATA=A, FAMILY=BINOMIAL) ##RUN MODEL
PREDS_I <-DATA.FRAME(COMPOUND=COMP[I],
PRED_DATA,
PREDICTIONS=PREDICT(MOD_I,
PRED_DATA,
TYPE="RESPONSE"))
PREDS_I$PVAL_SEX <-COEF(SUMMARY(MOD_I))[2,4]
PREDS_I$PVAL_SEASON <-COEF(SUMMARY(MOD_I))[3,4]
PREDS_I$PVAL_SEX_SEASON <-COEF(SUMMARY(MOD_I))[4,4]
PREDICTED_RESPONSES <RBIND(PREDICTED_RESPONSES,PREDS_I)}
PREDICTED_RESPONSES$SEX <IFELSE(PREDICTED_RESPONSES$SEX=="F","FEMALE", "MALE")
PREDICTED_RESPONSES$SEASON <IFELSE(PREDICTED_RESPONSES$SEASON=="E","BREEDING", "NONBREEDING")
PREDICTED_RESPONSES$SEX_SEASON <PASTE(PREDICTED_RESPONSES$SEX,PREDICTED_RESPONSES$SEASON,
SEP=" ")
PREDICTED_RESPONSES$LABEL <314

####PLOT
####SEX ONLY SIGNIFICANT COMPOUNDS P<0.05
SEX_EFFECTS <- SUBSET(PREDICTED_RESPONSES,PVAL_SEX<0.05)
SEX_EFFECTS <- GROUP_BY(SEX_EFFECTS, SEX, COMPOUND)
SEX_EFFECTS <- SUMMARISE(SEX_EFFECTS,
PREDICTIONS=MEAN(PREDICTIONS))
WRITE.CSV(SEX_EFFECTS,"F:/CH4 SPME ENCLOSURE/R/SIG SEX
EFFECTS.CSV")
SEX_EFFECTS$LABEL <IFELSE(SEX_EFFECTS$SEX=="FEMALE","",AS.CHARACTER(SEX_EFFECTS$C
OMPOUND))
GGPLOT(SEX_EFFECTS, AES(X=SEX, Y=PREDICTIONS,
LABEL=LABEL)) +
LABS(X="SEX", Y="PROBABILITY OF OCCURRENCE") +
GEOM_POINT(AES(COL=COMPOUND)) +
GEOM_PATH(AES(COL=COMPOUND, GROUP=COMPOUND))+
GEOM_TEXT(HJUST = 0, NUDGE_X = 0.07)+
YLIM(0,1)+
THEME_CLASSIC()
####SEASON
SEASON_EFFECTS <SUBSET(PREDICTED_RESPONSES,PVAL_SEASON<0.05)
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SEASON_EFFECTS <- GROUP_BY(SEASON_EFFECTS, SEASON,
COMPOUND)
SEASON_EFFECTS <- SUMMARISE(SEASON_EFFECTS,
PREDICTIONS=MEAN(PREDICTIONS))
WRITE.CSV(SEASON_EFFECTS,"F:/CH4 SPME ENCLOSURE/R/SIG
SEASON EFFECTS.CSV")
SEASON_EFFECTS$LABEL <IFELSE(SEASON_EFFECTS$SEASON=="BREEDING","",AS.CHARACTER(SEASO
N_EFFECTS$COMPOUND))
SEASON_EFFECTS$LABEL <- IFELSE(SEASON_EFFECTS$LABEL %IN%
C("C2", "C12", "C13"),"", AS.CHARACTER(SEASON_EFFECTS$LABEL))
GGPLOT(SEASON_EFFECTS, AES(X=SEASON, Y=PREDICTIONS,
LABEL=LABEL)) +
LABS(X="SEASON", Y="PROBABILITY OF OCCURRENCE") +
GEOM_POINT(AES(COL=COMPOUND)) +
GEOM_PATH(AES(COL=COMPOUND, GROUP=COMPOUND))+
GEOM_TEXT(HJUST = 0, NUDGE_X = 0.07)+
ANNOTATE("TEXT", X=0.91, Y=0.2096988, LABEL="C2") +
ANNOTATE("TEXT", X=0.86, Y=0.342, LABEL="C12 & C13") +
YLIM(0,1)+
THEME_CLASSIC()
####SEX & SEASON

316

SEXSEASON_EFFECTS <SUBSET(PREDICTED_RESPONSES,PVAL_SEX<0.05 & PVAL_SEASON<0.05 )
SEXSEASON_EFFECTS <- GROUP_BY(SEXSEASON_EFFECTS,
SEX_SEASON, COMPOUND)
SEXSEASON_EFFECTS <- SUMMARISE(SEXSEASON_EFFECTS,
PREDICTIONS=MEAN(PREDICTIONS))
WRITE.CSV(SEASON_EFFECTS,"F:/CH4 SPME ENCLOSURE/R/SIG
SEASON AND SEX EFFECTS.CSV")
GGPLOT(SEXSEASON_EFFECTS, AES(X=SEX_SEASON,
Y=PREDICTIONS, LABEL=COMPOUND)) +
LABS(X="SEX AND SEASON", Y="PROBABILITY OF OCCURRENCE") +
GEOM_POINT(AES(COL=COMPOUND)) +
GEOM_PATH(AES(COL=COMPOUND, GROUP=COMPOUND))+
YLIM(0,1)+
THEME_CLASSIC()
####SEX * SEASON
SEXSEASON_EFFECTS <SUBSET(PREDICTED_RESPONSES,PVAL_SEX_SEASON<0.05 )
SEXSEASON_EFFECTS <- GROUP_BY(SEXSEASON_EFFECTS,
SEX_SEASON, COMPOUND)
SEXSEASON_EFFECTS <- SUMMARISE(SEXSEASON_EFFECTS,
PREDICTIONS=MEAN(PREDICTIONS))
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WRITE.CSV(SEASON_EFFECTS,"F:/CH4 SPME ENCLOSURE/R/SIG
SEASON_SEX EFFECTS.CSV")
GGPLOT(SEXSEASON_EFFECTS, AES(X=SEX_SEASON,
Y=PREDICTIONS, LABEL=COMPOUND)) +
LABS(X="SEX AND SEASON", Y="PROBABILITY OF OCCURRENCE") +
GEOM_POINT(AES(COL=COMPOUND)) +
YLIM(0,1)+
THEME_CLASSIC()+
GEOM_PATH(AES(COL=COMPOUND, GROUP=COMPOUND))
Kruskal-Wallis Test
A Kruskal-Wallis test was used to compare the response ratio data of male giant
pandas towards the stimuli during a simultaneous choice test. This method is described in
Chapter V and Chapter VI. The 95% Confidence Interval analysis used in both of these
chapters was completed using Excel.
LIBRARY(GGPLOT2)
LIBRARY(PMCMR)
##LOAD DATA
DF <- READ.CSV("DATA.CSV")#DF= DATAFRAME, USE SINGLE
FORWARD SLASHES
##REMOVE DATA WITH PERIODS
DF <- SUBSET(DF, I!=".") ### != MEANS DOES NOT EQUAL, WHEREAS
== MEANS EQUAL
##CHANGE I INTO A NUMERIC
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DF$I <- AS.NUMERIC(AS.CHARACTER(DF$I))
##REORDER FACTOR LEVELS
DF$DAY <- FACTOR(DF$DAY, LEVELS = C("DAY-13", "DAY-6", "DAY3", "DAY-2", "DAY-1", "DAY0", "DAY4", "DAY9"))
##ANALYZE DATA ALL TOGETHER
KRUSKAL.TEST(I~DAY, DATA=DF)
KRUSKAL.TEST(I~ZOO, DATA=DF)
KRUSKAL.TEST(I~SEASON, DATA=DF)
##BREEDING ONLY AND NO TORONTO
##PULL OUT DATA
BREED_NO_T <- SUBSET(DF, ZOO!="TZ" & SEASON=="B")
##KRUSKAL WALLIS TEST
KRUSKAL.TEST(I~DAY, DATA=BREED_NO_T)
KRUSKAL.TEST(I~ZOO, DATA=BREED_NO_T)
KRUSKAL.TEST(I~SEASON, DATA=BREED_NO_T)
##PAIRWISE ANALYSIS
POSTHOC.KRUSKAL.CONOVER.TEST(X=BREED_NO_T$I,
G=BREED_NO_T$DAY, P.ADJUST.METHOD="HOLM")
##BOXPLOT
BOXPLOT(I~DAY, DATA=BREED_NO_T, PLOT.NEW(),
LAS=1,YAXT="N",
CEX.AXIS = 0.8)
AXIS(2, AT=SEQ(0,1,0.5), LAS=1)
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ABLINE(H=0.5, COL="BLACK", LTY=2)
## NONBREEDING ONLY
##PULL OUT DATA
NOBREED <- SUBSET(DF, SEASON=="N")
##KRUSKAL WALLIS TEST
KRUSKAL.TEST(I~DAY, DATA=NOBREED)
KRUSKAL.TEST(I~ZOO, DATA=NOBREED)
KRUSKAL.TEST(I~SEASON, DATA=NOBREED)
##PAIRWISE ANALYSIS
POSTHOC.KRUSKAL.CONOVER.TEST(X=NOBREED$I,
G=NOBREED$DAY, P.ADJUST.METHOD="HOLM")
##BOXPLOT
BOXPLOT(I~DAY, DATA=NOBREED, PLOT.NEW(), LAS=1,YAXT="N")
AXIS(2, AT=SEQ(0,1,0.5), LAS=1)
ABLINE(H=0.5, COL="BLACK", LTY=2)
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